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A PROGRAM OF RESEARCH ON MICRO-FABRICATION TECHNIQUES FOR
VLSI MAGNETIC DEVICES

PROGRESS REPORT
Oct. 1, 1981

INTRODUCTION

The Air Force Office of Scientific Research has been funding a research project
entitied "A Program of Research on Microfabrication Techniques for VLS! Magnetic
Devices since September 29, 1980. This report describes the progress made on this
research project during its first year of funding. As is indicated below, during the
first year we have established a liquid phase epitaxial growth facility for single
crystal carnets to the point that we are now growing materials for both one
micrometer and 0.5 micrometer bubble devices. We have furthermore begun
investigations of amorphous magnetic bubble materials, amorphous and polycrystalline
magnetic materials for drive layers, contiguous disk devices, and polycrystalline
cobalt chrome materials for self biasing of bubble devices. We have established
facilities for routine cnaracterizaiton of magnetic materials and have developed a2
unique magneto-optic photometer system which permits characterization of thin layers
of magnetic material in devices having micron sized dimensions. We have furthermore
developed techniques for using transmission electron microscopy to investigate the
structural effects of ion implantation on garnet materials and have used transmission
electron diffraction to study strain profiles at boundaries between implanted and non
implanted garnet material. Both contiguous disk and current accessed device
structures have been fabricated at Carnegie-Mellon University under this grant and a
novel current-access ion-implanted device structure invented at CMU has been
fabricated and demonstrated to require lower power dissipation than conventional
perforated sheet current-accessed devices. Furthermore, investigations of the optical
spectra nf garnet materials being carried out under this grant hold promise of
providing detailed information on the stoichiometric and crystal fiefd deviations
present in garnet materials before and after ion implantation. These optical
investigations were unanticipated at the time of the original proposal but appear to
be quite promising as a too! for understanding the microscopic effects of ion
implantation on the crystal structure.

in the first year of this contract, three papers were accepted for publication and
one masters degree thesis was produced. Additional publications and theses are
expected in the near future.

The work being carried out under this grant is in an area of critical need to our
nation. During the past yeer, three US companies stopped manufacturing magnetic
bubbie devices, leaving only Intel and Motorola as US vendors of bubble memory
devices. Both IBM and Bell Telephone Laboratories continue to be active in the
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bubble memory area, however, they typicaly do not sell components to outside users.
By comparison, the Japanese sre moving ahead continuously and at a great pace in
their development of bubble memory devices. Hitachi has clearly marketed more
bubble memory devices than any other manufacturer and is presently producing them
at a rate exceeding 25,000 memories per month.

The research effort at Carnegie-Mellon University, being funded by this grant, has
attracted significant attention from industrial manufacturers and users of bubble
memories. Most industrial firms involved in the manufacture of bubble memories
have provided some support to this program in the form of equipment donations
andior support of an individual graduate student through a fellowship. Researchers
involved in this program are sought out by industrial workers actively involved in
bubble memory design and fabrication for consultation on future technology
directions. Without the grant support provided by the AFOSR grant number 80-0284,
this program would not be possible. Below are contained a progress summary by
area and detailed reports from selected areas, as well as appended publications.
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SUMMARY OF PROGRESS

THE LIQUID PHASE EPITAXIAL GROWTH OF GARNETS is now 8 routine procedure
at CMU and we are beginning to push the limits of garnets as small bubbie materiais.
During this past year we have developed a liquid phase epitaxial growth facility,
grown 108 magnetic garnet fiims suitable for ion implanted bubble devices and
developed characterization technigues to study the epitaxial films, both implanted and
unimplanted. Compositions for both 1 micrometer diameter bubbles and 0.5
micrometer diameter bubbles have been developed. The compositions we are pursuing
have high magnetostriction and are expected to be suitable for ion implanted devices.
We have fabricated ion implanted device structures on the one micrometer bubble
materials and have observed bubble propagation, aithough further evaluation of the
materials is still necessary. We are presently trying to fabricate device structures on
the 0.5 micrometer bubble diameter materials so that we can evaluate them as device
materials. A detailed report on the LPE growth of garnet films at CMU is included
later in this report.

In conjuction with the above we have begun to desigh compiete major-minor-ioop
memory chips using ion implanted contiguous disk technology. This technology is
well known to offer an order of magnitude density increase over present generation
bubble memory devices. We do not intend to compete directly the device design
teams at Bell Laboratories, IBM, Hitachi, Fujitsu and NEC who are aiso working on
this technology, but rather to complement and extend their efforts to higher densities.
The industrial efforts are mainly directed at 2 micrometer and 1 micromeier diameter
bubbles. We intend to seek out the problems in the submicrometer range.

RF SPUTTERED AMORPHOUS MAGNETIC BUBBLE MATERIALS are being investigated
at CMU. Amorphous films were introduced as a possible bubble material in 1973 by
Chaudhari, Gambino and Cuomo (P. Chaudhari, J. J. Cuomo, R. J. Gambino, IBM J. Res.
Develop. 17, 66 (1973)) and enjoyed a period of substantial interest because of their
potential for replacing the comparstively expensive garnet signal crystal films.
However, studies showed (A. H. Eschenfelder, “Amorphous Fiims for Bubbles”
Ferromagnetic Materials, vol. 2, 345 (1980)) that GdCoMo amorphous films supporting
one micrometer and two micrometer bubbles were significantly more ternperature
sensitive than garnets. Only in the submicron range did GdCoMo fiims appear to
offer advantage over garnets.

Having the ability to fabricate devices using submicron bubbles and with the
emphasis of this contract being to deveiop new microfabrication techniques for
magnetic devices, we have begun to seriously address the potential of rare-earth,
transition-metal films for submicron devices. During the past year we have deposited
2 large number of GdCoMo films and have observed bubble domains ranging in size
from submicron dimensions to several microns. We have charscterized magnetic
parameters of these films using magneto-optic measurements and ferromagnetic




resonance and are now at the point that we feel we understand the influence of RF
sputtering conditions on the magnetic parameters of the films. A report detailing this
work forms a later chapter of this document.

AMORPHOUS AND POLYCRYSTALLINE NiCoB FILMS are being investigated as a
possible replacement for the drive layer of ion implanted contiguous disk bubble
devices. These films can be grown with a wide range of magnetization values, very
low anisotropy and a low coercive force. Initial studies by M. H. Kryder using
Ferrofluid indicated that by etching patterns into the surface of nickel cobalt boron
films, it was possible to form weakly charged domain walls which could be used to
move bubbie domains around pattern boundar‘es. Bubble propagation margins were,
however, quite small and we hoped that a thorough investigation of NiCoB fiims
would vyield drive layers which would provide strongly charged walls and good
propagation margins. During the first year of this contract we have deposited a large
number of NiCoB films and have studied the influence of RF sputtering conditions on
the magnetic parameters of the films. Thus far we have, however, been unsuccesful
in obtaining strongly charged walls. Recent investigations using transmission electron
diffraction to investigate the ion implanted layers of garnets have shown the
importance of magnetostriction and stress relaxation at the boundary between the
unimplanted and implanted material in forming the charged wall. Furthermore, studies
on (100} garnets, which are also described later, confirm the importance of the
inverse magnetostrictive effect on the formation of charged walls. We therefore
presently feel that to produce an amoiphous drive layer, it will be necessary to have
high magnetostriction magnetic materials with low coercivity, low anisotropy and
magnetization values of a few hundred to a few thousand gauss. It does not appear
that the NiCoB films will be able to provide the high magnetostriction. Therefore we
are presently reviewing the literature on amorphous magnetic materials to identify
compositions offering the desired range of properties and expect to investigate these
new materials in the future. A iengthy report on the NiCoB films is in preparation by
graudate student R. J. DeCesaris, who will use the report as a Masters degree thesis.
This thesis will not be avaiiable for a couple more months, however, and is therefore
not included with this report. It will be forwarded as soon as it is available.

FILMS OF POLYCRYSTALLINE CoCr AND SmCoCr are being investigated as possible
self-bias layers for bubble domain materials. Liu et. al. (J. Appl. Phys. 42, 1360
(1971)) showed that bubbie domains could be stablized by the energy of a domain
wall separating a high coercive force layer magnetized anti-parallel to the bubble
domain and the bubble itself. Devices using such bias layers would require no
external bias magnets and therefore wouid be significantly lighter and more compact
than presently manufactured devices. CoCr films have previously been shown to
exhibit a preferred direction of magnetization perpendicular to the film plane and a
relatively large coercive force. However, these materials are not true permanent
magnet materials and do break up into domain structures when the applied field is




removed, although the remanence is quite high. This is due to the fact that the
coercive force of these films is less than H - 4rMs. Accordingly we have chosen
to investigate samarium additions to cobalt chrome. Samarium cobalt is well known
as a permanent magnet material offering coercive forces up to about 30,000 gauss.
We therefore believe that high coercive force samarium cobalt chromium films may
be suitable for self bias layers on bubble materials. A report describing the infiuence
of sputtering conditions on the properties of cobalt chrome is included later in this
report.

MAGNETO-OPTIC MEASUREMENTS OF THE MAGNETIC CHARACTERISTICS OF THE
ION IMPLANTED LAYERS OF GARNETS were carried out using a magneto-optic
photometer system developed at CMU. These measurements were the first reported in
which magneto-optic techniques were successfulls used on the thin ion implanted
layers of garnets having in-plane magnetization. Values of K1 = -3150 ergslcma, Ku =
14,500 erg/cms, end K = -30,000 erg/cm3 were measured for the crystalline, uniaxial,

and ion implantation induced anisotropy constants respectively. Iin a (GdTmY)3 Gax'

Fes-x 012 garnet driving layer which had been ion implanted and had lhrMs = 585
gauss, statistical analysis indicated approximately 8% accuracy in the measured
values. Furthermore analysis of the data gives a direct measure of the three-fold
anisotropy which the magnetization in the ion implanted layer feels as it is rotated in
the plane. These measurements therefore give the first direct measurements of the
three-fold critical curve which was first proposed by Lin et. al (IEEE Trans. Magnet.
MAG-14, 494 (1978)) to describe the anisotropy in the ion implanted layers.

As described in earlier reports, this instrument had a resoiution capability of about
5 microns and used reflected light from the sample for measurements. Furthermore
all sample rotations in the photometer were done by hand, making the technique of
gathering data on anisotropic affects very time consuming. Since these earlier
reports, we have redesigned the magnetometer to improve these characteristics. The
photometer is now equipped with a small motor to rotate samples in the plane. Thus
the magneto-optic response of the samples may be plotted on a chart recorder
directly as a function of the angular orientation of the sample. Furthermore we are in
the process of modifying the instrument so that it may use not only reflected light,
but also transmitted light for measurement. This modification is expected to provide
added sensitivity and simpler data analysis, hopefully obviating the need for complex
computer analysis of data. in addition we are adding a Leitz MPV Photometer Unit to
our system to make possibie submicrometer spot size measurements. With
submicrometer spot size resolution, we will be able to probe the magneto-optic
response of devices using micrometer and submicrometer dimensions. This is the
only magnetometer technique which aliows one to make magnetic measurements on
such a fine scale.

In addition to using this system for mesasurements on ion implanted layers of
garnet films, we are now beginning to use it also for investigations of amorphous




and polycrystaliine magnetic materials. Recently we have begun some investigations
on thin film and magneto-resistive recording heads for example.

A report describing this magneto-optic photometer system is inciuded as part of
this document and a paper describing the system at an earlier stage of development
is attached as an appendix.

STRAIN PROFILES IN ION IMPLANTED GARNETS have been investigated by
transmission electron diffraction under this contract. The use of transmission electron
microscopy for the investigation of magnetic devices on garnet materials is new,
although transmission electron microscopy has been used before on a number of
other materials. Its application to garnets was restricted because of the difficulty of
thinning the 500 micrometer thick substrate from under a 2000 angstrom thick ion
implanted layer. We have developed polishing and ion milling techniques to do this.
Aithough other microstructural investigations of ion implanted layers on garnets have
been carried out such as X-ray diffraction measurements, and Mossbauer
spectroscopy transmission electron microscopy is the only technique which affords
high resolution. Since the thrust of research being carried out under this contract is
microfabrication in magnetic devices, transmission electron microscopy with its high
resofution capability is especially applicable. Selected area electron diffraction was
used to obtain strain profiles around unimplanted disks in thin {(less than 2000
angstroms) films of (111) oriented garnsts. Measurements of in-plane lattice constant
were made as a function of position in (SmYGdTm)aGao_aFe g0y, films implanted
with oxygen (120 KeV, 1x10'%/cm? and helium (80 KeV, 4x101%/cm ). In most cases
the data show a relaxation of stress normal to and near to the implanted boundary.
These results provide experimental confirmation of recently proposed models
suggesting that stress relaxation normal to an implanted boundary is critical to the
formation of charged walls. These findings have lead us to the conclusion that we
must use large magnetostriction materials for the amorphous drive layers discussed
earlier. These findings also lead us to consider the affects of the non-uniform stress
field on the local anisotropy in the underiying bubble layer of a ion implanted
contiguous disk device. Analysis of this stress field showed that under the edge of
an implanted region there is a tensile stress perpendicular to the film plane which
reduces the perpendicular anisotropy causing reduced bubble nucleation thresholds in
bubbie materials with large negative values of )‘111' A more lengthy report describing
the use of electron diffraction for characterizing the ion impilanted layers of garnets
is included as a later section of this document and a paper presented at the
Magnetism and Magnetic Materials Conference in Atlanta, November 10 through 13 is
attached as an appendix.

THE INFLUENCE OF STRESS RELAXATION AT THE BOUNDARIES OF 10N IMPLANTED
AREAS IN (100) GARNET FILMS ON CHARGED WALLS were investigated under an NSF
grant but are related to the work using transmission electron microscopy and
therefore described here. These investigations, carried out with the use of Bitter




Technique to observe the charged walls, shows that in the (100) film we studied,
charged walls are stable only at particular orientations of the applied field. Now that
we understand that stress relaxation at the boundary is critical in the formation of
charged walls, we have realized that in the (100} film we studied it should be
expected that charged walls form oniy for particular orientations of the applied field.
This is due to the fact that A,,, and x,oo {the magnetostriction constants) are of
different sign, causing the preferred axis of magnetization to alternate between
perpendicular and parallel to the boundary, depending on the orientation of the
boundary relative to the crystalline axese. Thus our work with transmisison electron
microscopy as well as our work with the Bitter Technique on (100} oriented films,
have led us to the conclusion that we should seek garnet materials with xmo and
11” of the same sign. Such films would presumably support charged walls suitable
for bubble propagation and exhibit fourfold rather than threefold symmetry in their
anisotropic behavior. In principle it is possible to grow materials with xmo equal to
x”1 in which case the magnetostriction would be isotropic leading to more isotropic
behavior of the charged walis. A draft of a paper describing these new findings is

attached as an appendix to this document.

MICROFABRICATION OF ION-IMPLANTED CONTIGUOUS DISK DEVICES having 2uym
minimum features and employing 1uym bubble materials has been succesfully carried
out at CMU. Propagation margins of about 15% were measured in these devices. We
have designed and fabricated masks for the propagation of bubbles in a 2um cell
size having 1ym miminum features and employing 0.5m bubbles using eiectron beam
lithography at the National Research and Resource Facility for submicron structures at
Cornell University. We are now in the process of using these masks to fabricate
0.5ym bubble propagation patterns on garnets grown here at CMU. In parallel with
this effort we are also designing complete major-minor loop devices having fuil data-
in data-out memory capability and expecting to demonstrate memory operation with a
bit density of 2.5x107 bits/iecm? . These masks will most likely find application, not
only on ion implanted garnet materials but also on the amorphous materials
described earlier. In these efforts we are not trying to compete directly with the
efforts in industry but are trying to push the technology to higher density limits than
industry is presently actively pursuing. We have performed basic theoretical anaiyses
of the scaling laws of these devices (M. H. Kryder, |EEE Trans. Magnet., MAG-17 2385
(1981)) and wish to explore the validity of these analyses experimentally. Our work is
thus directed at understanding the physics of device scaling and device operation in
the submicrometer range rather than the development of very high density memories
which is properly being carried out by industry. We have had and continue to have a
strong influence on industry in its pursuit of high density technology. Evidence of
our influence in this area is the fact that several of the industrial companies working
in the magnetics area consult with us about the prospects of contiguous disk
technology.




MICROFABRICATION OF APERTURED SHEET DUAL CONDUCTOR CURRENT ACCESS
DEVICES is also being carried out at CMU. These devices, unlike the presently
manufactured bubble devices do not require a rotating magnetic field, hence the
rotating field coils which add expense and weight to the presently manufactured
devices are not needed. These current access devices are furthermore much higher
performance than field access devices, offering more than one order of magnitude

higher bit rates. A theoretical analysis of scaling laws of these devices was also
carried out (M. H. Kryder, IEEE Trans. Magnet. MAG-17, 2392 (1981)) and indicates that
the technology has problems with high on-chip power dissipation and that these
problems grow as the device is scaled to higher densities. Because of these power
dissipation problems, industry in the United States is not actively pursuing current
access devices. In spite of the probiems which we in fact identified, we feel that the
techniogy has very attractive attributes and is worthwhile pursuing from the long
term point of view. In addition to offering the advantages of reduced weight and
higher performance we have found the current access technology to be especially
suitable for performing logic with magnetic bubbles. We are presently designing chips
having both memory and logic capabilities. We have already simulated the logic
operations using a computer aided desigh program which we developed under an NSF
contract. We hope to surmount power dissipation problems by using field accessed
contiguous disk technology for memory and the current accessed apertured sheet
technology on the same chip for logical functions. Since a large portion of the chip
is memory, power dissipation problems would be reduced. Thus far we have
fabricated current accessed propagation structures, thus demonstrating our capability
of fabricating these devices, and are anxious to complete the first chip designs
containing logic functions so that we may fabricate and test them. A Masters degree
thesis by Michael Alex describing some early results on the microfabrication of
current accessed devices is included as an appendix to this document.

A NOVEL CURRENT ACCESSED ION-IMPLANTED DEVICE which combines the ultra
high density of ion implanted contiguous disk devices with the high performance and
simpler packaging (no rotating field coils) of current accessed devices was invented
at CMU and has been pursured under AFOSR contract number AFOSR-80-0284. This
new device uses currents in apertured conductor sheets to access charged walls in
ion-imptanted tayers of garnet. By clever design, magnetic poles produced by the
charged walls are made to add to the poles produced by the currents flowing around
the apertures on the conductor sheets. Measurements made on simple disk shaped
structures show that the new current accessed ion implanted device requires oniy
50% of the drive current of a current accessed device using no charged walls. This
factor of two reduction in current represents a factor of four reduction in power
dissipation. An article describing this new device structure was presented at the
Conference on Magnetism and Magnetic Materials in Atlanta, November 10-13, 1981
and is attached as an appendix to this document. We are now in the process of
doing detailed caicufations of the in-plane fields around apertures in the conductor




sheets and based upon these calculations are designing structures suitable for bubble
propagation using this technology.

A STUDY OF THE OPTICAL SPECTRA OF MAGNETIC GARNET EPILAYERS has been
intiated in order to obtain a better understanding of stochiometric and crystal field
deviations present with and without ion implantation in garnet materials. Such
investigations to our knowledge have not been carried out before on garnet materials
and furthermore were not included in the original proposal. However, data obtained
thus far make us hopeful that this will evoive into a very fruitful area of research
for understanding the damage produced by ion implantation in garnets. Preliminary
investigations of gadolinlum galium garnet substrates and representative epilayers
have determined tentative sample parameters (i.e. substrate and epilayer thickness)
best suited to the optical measurements. Design of a low temperature magneto-
optical measurement system has been finished with construction of the system
expected to be completed by January 1982. From measurements made at room
temperature we have been able to clearly identify the energy leveis corresponding to
the fine structure of Gd3+. We expect that low temperature measurements and the
use of Era* as a probe will enable us to probe the local crystal fields in both
unimplanted and implanted garnets. Hence, we hope to be able to identify the actual
damage done by ion implantation. For exampie we hope to be able to identify
whether the damage is due to a displaced oxygen atom or due to the presence of
unexpected implanted ions in the crystal lattice. This work should shed some light on
the issues of why hydrogen implants, for example, are known to produce much farger
anisotropy changes without creating dead layers than other implanted ions such as
neon. An improved understanding of the actual damage mechamisms couid lead to
improved implanted devices. Recent work by the Japanese (H. Matsutera, et al., Paper
BA-4, Magnetism and Magnetic Materials Conference, Atianta, Nov. 10-13, 1981)) using
Monte Carlo simulations suggest that implants of heavier ions such as neon produce
multiple collisions of oxygen atoms within the lattice whereas hydrogen implants
typically do not cause oxygen atoms to be disliocated with enough energy to cause
muitiple collisions. Our optical measurements hopefully will provide some
experimental basis for judging the validity of these models. A short report describing
this work in more detail is included later in this document. It is noted that this work
is presently being supported with funds from this grant because we believe it has
high potential for some fundamental understanding of the effects of ion implantation
on garnets. These investigations were not anticipated at the beginning of this
contract, however, and were not accounted for in the budget. We hope that during the
next six months we will be able to resolve the issue of how powerful a too! the
optical spectra will be so that we may better judge how to aillocate our resources
and whether additional funding in this area might be necessary to give it the support
required.




The Growth of Liquid Phase Epitaxial Garnets

Introduction

Single crystal epitaxial garnets are the basis for bubble devices, magneto-static su;flce wave
devices, snd magneto-optic devices being manufactured and investigaled in industry throughout the
world today. Although we are attempting to develop alternative materials, we are at the same
time interested in pushing garnets to their limits. We are interested in increasing our
understanding of these very perfect single crystal materials and the effects which ion implantation
has on them. Accordingly we have established a facility for the liquid phase epitaxial (LPE)
growth of garnets and have developed characterization techniques to study both implanted and
unimplanted garnet films. Furthermore, we have developed and refined materials suitable for 1
pm and 0.5 um bubbles.

Our first goal was to design and build control circuits for the garnet subsirate vertical
movement and rotation motors. We acquired the equipment necessary to prepare the melt and to
grow epitaxial films. The thermal response of the furnace was delermined and steps were taken
to improve the temperature stability of the melt. Film characterization techniques were developed
or improved in order to determine the effects of changes in growth conditions on film parameters.
Establishing reproducible growth conditions enabled us to concentrate our effort on optimizing the
bubble material without excessive worry about system instabilities.

Characterization equipment developed as part of this project includes:
® double-crystal! x-ray diffractometer for lattice mismatch measurements
® ferromagnetic resonance: improvement to existing equipment
® hot stage for measurement of collapse field temperature coefficient
® pulser to nucleate bubbles ip the polarizing microscope
We also made use of existing characterization equipment

® polarizing microscope with field coils for stripwidth, collapse field, and defect density
measurement

® reflectance spectropbotometer for film thickmess measurement

Our effort has been directed towards producing two different melt compositions, one for one
micron diameter bubbles and the other for half micron diameter bubbles. Using two crucibles we

bhave been able to speed up this developmen! process. To date, 11/3/81, we bave grown 108
films.

The basic composition for the one micron material is a yttrium iron garnet with aluminum and




gallium substituted to reduce the magnetic moment 1o a svitable value. Three rare earths are
substituted for yttrium; samarium, thulium, and gadolinivm. The amounts of each substituting
rare carth are calculated considering each of the following parameters .

® lattice mismatch between film and substrate
® uniaxial anisotropy

® damping

® magnetic .moment

® magnetostriction

® temperature coefficient

As some of these effects are mutually exclusive, a balance between opposing effects must be
sought.

Controllers, Furnace, and Related Equipment

The liquid phase epitaxial (LPE) growth of magnetlic garnets is achieved by dipping a garnet
substrate (GGG) into a supercooled melt. The process starts with the substrate being lowered
into the furnbace, .slowly through the top and then quickly to the preheat position just above the
melt. The preheating time is long enough to ensure that the melt and the substrate are at the
same temperature. The substrate is then lowered inlo the melt and growth occurs.assuming the
melt temperature is below saturation. During growth the substrate is rotated at a constant speed,
although the direction of rotation is reversed at fixed time intervals to improve film uniformity
and to belp stir the melt. At the end of the growth period, the rotation is stopped and the
substrate is withdrawn from the melt. The substrate is stopped at the preheat position and the
rotation speed is gradually increased to a high value (400 rpm) to remove flux drops. At the
end of the spin period, the rotation speed is reduced to that used during growth and the substrate
is withdrawn from the furnace. ‘

The growth process can be run automatically. The operator sets the desired growth time,
preheat time, spin-off time, and rotation reversal period. The rotation speed for growth and spin-
off are set separately. The melt must be soaked at a temperature above the saturation
temperature for several hours for homogenization. The temperature is reduced stepwise to the
growth temperature, with smaller steps taken near the desired growth temperature to minimize
overshoot. Once the desired temperature is reached, the growth process may begin. However,
one should not keep the melt at supersaturation too long.

In addition to the controllers, we also had to construct a holder for the substrate. This is
made out of platinum wire, as most other materials will corrode in the melt and contaminate it.




The trick to designing a good holder is to minimize the thermal capacity and the substrate contact
arca, but provide enough rigidity in order that the substrate does not create excessive turbulence
in the melt or come loose during spin-off. The standard design is a three legged holder with
two rings at the top which fit the alumina tube snugly. There are notches at the bottoms of the
legs which the substrate fits into. The elasticity of the wire provides adequate force to hold the
substrate. The alumina rod is attached lo the rotation motor with an adjustable coupler. The
coupler enables us to compensate for nonconcentric rotation due to the alumina not being straight.

Characterization
Routine measurements to characterize the magnetic film properties include:

® film thickness

® zero-field stripwidth
® collapse field

® uniaxial anisotropy

¢ Jattice mismatch

Additional measurements to determine the temperature coefficient of collapse field were made
on selected films. Composition measurements have not been made yet.  Estimates of film
composition are made from the melt composition.

Ferromagnetic resonance is used to measure the uniaxial anisotropy HK- 4*M. 4sM s
determined from collapse field, stripwidth, and thickness. [1] HK/AnM (=Q) is a measure of
stability of bubble domains. Improvements have been made to the FMR equipment to increase the
signal to noise ratio. This is necessary in order to measure the thin films and also to detect the
resonance attributed to ap ion-implanted layer. At present, the FMR equipment is optimally
designed for scanning frequency at constant field. As we prefer to scan the field at fixed
frequency for several different frequencies, some modifications are necessary. In addition, we
have found that using the stripline rather than the microstrip configuration results in a significant
increase in the signal level. With a stripline, the sample lies between the conductor and the
groundplane, whereas with 8 microstrip the sample is on top of the conductor.

The other significant advance we have made in developing characterization techmiques is in
measuring lattice mismatch. We initially used single crystal x-ray diffraction to measure 444 and
888 reflections. While this was adequate for films with a relatively large mismatch (>0.003A)
resolution limitations prevented more accurate measuremenl.  Also, both the K, \ and K 2
diffractior peaks were present. While this does not pose a problem for measuring the bulk films,
it adds confusion to implanted film measurements.




To improve the measurement we first used a quartz monochromator. We were able to remove
the K aa Peak but the half value width was not significantly better than that with the single
crystal. The next step was to use a8 GGG crystal instead of the quartz. Due to geometrical
constraints in the monochromator we were only able to use the 444 reflection. The GGG proved
to be more effeclive than the quartz crystal in removing K 3 and marrowing the half value width,
but we felt we could do better by making use of the 888 reflection. In addition aligning the

monochromator to eliminate the K, peak was difficult.

We designed a monochromator which makes use of the 888 reflection from a GGG crystal.
The x-ray diffractometer is shown schematically in Fig. 1.

X-RAY
SOURCE
: SAMPLE
</ ©
N
2}
GGG DETECTOR
M.C.

Figure 1. Double Crystal X-Ray Diffractometer

The monochromating crystal angle is adjustable but the detector angle is fixed. This
monochromator removes the K a3 peak. The resolution is much higher because of the larger
separation of K P peaks. The half value width is nearly the same as that obtained using the 444
monochromator. This monochromator was designed to be quickly and easily tuneable. Minor
improvements still need to be made, but the basic design appears to woik well.

For the mismatch measurement, the relative difference between film and substrate peaks is used.
With the 888 monochromator using the 888 sample reflection we can easily resolve mismatches as
small as 0.001A with 0.0005A accuracy. Smaller mismatches are detectable, by peak broadening,
but the separate peaks are not resolvable.




Discussion of Results .

To optimize the material parameters, we first needed o determine the effect of different growth
conditions. This included measuring the melt saturation temperature. To determine the optimal
growth conditions plots of growth temperature with each of the folclowing parameters were made:

¢ growth rate

® magnetic moment, 4vM
® mismatch, Aao

® anjsolropy constant, KU
® anisotropy field, HK

We also measured the effect of rotation rate, rotation reversal period, and melt depletion on
growth rate.

The saturation (emperature is the temperature at which the garnet dissolved in the flux will
begin to crystallize if a nucleation site is available. This temperature is delermined
experimentally by extrapolating on the growtn rate versus temperature plot to zero growth A
typical plot is shown in Fig.2. The accuracy in determining 'I“m is 1°C. We have verified this
by trying to grow films at 1°C above and 1°C below the predicted Tm.

Magnetostriction Calculation

The magnetostriction constant ()tm) is a3 useful measure of the implantability of the garpet.

The anisotropy change is determined in part by Xl To measure xm several techniques are

availadle but they all require sophisticated equipmem.l l An approximate value may be obtained by
vsing the magnetostriction constants of the rare-earth iron garnets in a method developed by
White. [2] White's method involves calculating the effect of gallium dilution on each rare-earth
iron garnet, and then summing the diluled rare-earths weighting each in proportion to the

stoichiometric amount in the film.

This calculation was done for our 1/2 um material. The result was lm = -4.11 x 10% For
comparison, the 1 xm malerial which IBM is currently using for their single layer film
contiguous disk devices bas a Xm which we caiculated to be -3.50 x 10% Our 1 ym material

basa X - -3.821 10° based on the expected composition.

White’s method deals specifically with gallium dilution. In our 1/2 pm material we are using
aluminum instead of gallium. We believe that there should not be a significant discrepancy in

estimating A .
m
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Figure 2: Growth Rate versus Growth Temperature
Growth Rate

The growtb rate of the LPE film is determined by the concentration of garbet in the melt, the
degree of supercooling, and substrate rotation rate. The rare earth concentration was chosen so
that garnet would be the predominant phase. Loss of lead due to flux removal and evaporation
appears to be more significant in determining melt saturstion temperature than does depletion of
other oxides in flux removal and film growth. A typical melt composition is shown below: The
expected composition for this melt is

Y Sm” Tnu Gdo.o F'u Mo.z Gs,, ©

os 03 12
From the melt composition we see that the garmet conmtributes about 1 mole percent to the total
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Onide Weight Moles
Sm:O’ .154]1 gms 4.42 x 10
Tmzo’ 9740 2.52 x 10% .
Y,0, 3938 1.74 x 107
Gd,0, 4269 1.18 x 107
G20, 1.3219 7.05 x 107
ALO, .5880 5.77 x 107
Fe O, 30.6285 0.192

B0, 7.6079 0.109

PbO 358.75 1.607

flux. The lead accounts for 83 mole percent, irop is 10 mole percent, and boron makes up tbe

difference, 6 mole percent.

Lattice Mismatch

The Ilattice mismatch of the epitaxial films is measured using a double crystal x-ray
diffractometer. The mismatch between film and subsiratle is measured from the angular separation
between their K a peaks. A correction is made for the siress attributed to the film being
constrained in two directions. The result is the perpendicular lattice expansion of a
ponconstrzined film. The mismatch is calculated using the following equation.

3d/d = -86/uanb

Aa° = (1-v/ l;v) éd
where d = 12.383 A (lattice constant for GGG), 8 is the angle incident x-ray makes with plane
of film, 38 is balf the angular scparation between the film and substrate K o, Peaks, and 34 is
the uncorrected lattice mismatch. Aao is the corrected mismatch, and v is Poisson’s ratio which

is 0.29 for garnet.

The sign of the mismatch is determined by the relative position of the peaks. If the film is in
compression, the film peak will be at a lower 20 angle than the substrate. The magnitude of the
substrate peak is greater than the film peak for films less than 3um in thickness.

A typical curve is shown in Fig.3 The film is in tension, &2+ 0.0075 A (a >a). In ths
trace 20 was scanned from 119.7° to 118.9°. The K oy PO8K for the substrate should appear at
119.6° but it was removed dby the monochromator. In this trace, 26 for the GGG 888 reflection
is at 119.115° The half value width for the substrate peak is 0.03° = $24.

Uniaxial Anisotropy

The uniaxial snisotropy (Ku) is measured by ferromagnetic resopance. Experimentally, the
ssmple is placed in 8 microbox with the conductor paraliel to the film plane. The microbox is
placed in the magnet such that the field is paralle]l to the film normal. A microwave current is
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Figure 3: X-ray Diffraction Curve for Magnetic Garnet using GGG Monochromator
at 888 Reflection

transmitted through the conductor, setting up a microwave field whick is norma) to the film's
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The resultant PLA output is a derivative curve

A modulating field, about 2 Oe in magnitude is superimposed on the applied magnetic
field. The microwave signal detected by a diode is demodulated by the phase lock amplifier

proportional to the absorption of the microwave signal in the sample. A typical FMR trace is

which is tuned to the modulating frequency.

shown in Fig. 4.
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The slope and zero field

Figure 42 FMR Traces of Resonance Field for Constant Frequency
intercept are determined by a least squares fit. The zero-field frequency divided by the slope, Y.

is equal to H -4vM -4/3 K1/M‘ Assuming K,/M is small compared to H we can determine
Hx if 4*M is known. We oblain 4#M from bubble collapse field, zero field stripwidth, and

The four curves correspond to resonances at 4,56, and 7 GHz. The linewidth, which is the
distance between the peaks (along the ordinate axis), is a measure of the damping in the film. A
film thickness measurements using the method of Fowlis and Copeland. [1]

plot of resonance frequency versus resopance field is shown in Fig.5.
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Figure 8: Resonance Frequency versus Resonance Field
Summary of Material Development

The advances we bave made in developing material suitable for 1 and 1/2 micron bubbles bave
resulted from modifications of melt composition. The following is a narrative description of the
highlights in this development process.

The initial composition, provided by IBM, is
Smu Gd“ Tm” Yo.o G'o.z Fe‘.. onz
which bas a magnetization (4sM) = 545 G, a characteristic length 1= 0,137, and 2 Q = 2.5. For
' 1 micron bubbles the films are 1.24 microns thick. This composition is designed as 2 single
N layer ion implantable material.

Using this composition, we began growing films in 8 50 ml crucible. The film uniformity was
adversely affected by the small melt size (30 ml). A typical film bad the following parameters
film #9, t = 1.24, 1 = .13, 4o M = 565
Problems included poor furnace thermal stability and apparently large supercooling temperature
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necessary to get a low 1 value. The characteristic length decreased with increased amount of
supercooling.

Next, we obtained a larger crucible (125 ml) and mixed a npew mell havillg the same

composition as the original but twice the volume. A typical film

film #20, t = 0.99. 1 = (141, 42M = 610
As we were interested in decreasing the bubble size, we increased the magnetization by adding
10% more iron to the melt. A typical film

film #22, t = 1.00 pm, | = .118 ym, 4#M = 650 G
At this time we obtained a second 125 ml crucible and designed ap identical melt. A typical
film:

film #37, t = 090 ym, I = .103 ym, 42M = 656 G, Q=).8
Not satisfied with the 1 value, we in:reased the iron again by the same amount. A typical film

film #50, t = 0.84 ym, 1 = .102 ym, 4#M = 710 G, Q+1.8
We did grow thicker films with the same composition and found the the 1 value was insensitive
to film thickness. The problem with the material in film #50 is that the Q is too low. We
were aiming for a 2.5 minimum Q. The next step was too add more samarium. Samarium
contributes to the uniaxial anisotropy. Increasing the amount of Sm will increase Q st the
expense of increased damping. A typical film with 20% iron and 50% Sm over the original
composition is:

film #5S, = 0.96 ym, 1 = .099 ym, 4sM = 704 G

Using the bew crucible with an identical melt composition A typical film:
film #49, 1=0.96 um, 1=.115 um, 4sM = 642 G, Q=2.2

Two separate accidents under different circumstances occured afier these films were grown
causing us to dump both melts. At this point we bad verified that adding more samarium would
help increase Q without significantly increasing 1 or FMR linewidth We also discovered that the
lattice parameter of the film was larger than that of the substrale so the films were in
compression. To increase the uniaxial anisotropy energy it is advantageous to put the film in
tension. As we were confident that we had a reasonmably good rare-earth balance we opted to use
sluminum to replace some of the gallium to decrease the film lattice parameter. We calculated
our new composition as

Yo.l Sm“ ‘l‘m“ Gdo.c Fe“ Mu G‘o_.z on
A typical film from the new melit:

fim #39, t = 1,29, } = 119, 4xM = 653, Q=2.47
We were successful in increasing Q. We attribute our success to the favorable lattice mismatch
Another film from the same melt:

film #69, t = 1.26 pm, | = .136 ym, 4#sM = 636 G,
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Q=2.65, Aa°=.002A tension
For clarity and brevity in this discussion, we have not listed all the growth: parameters.
Differences in 1 and 4sM for the same composition are attributed to differences in growth
" temperature. This material (#59, #69) may be suitable for | micron bubble devices.. With 10%
more iron lo decrease the 1 value a typical film:

film #87, t = 1.38 uym, | = .125 um, 47M = 680 G,
Q=2.5, Aa°-0.002 tension

Films 69 and 87 were both grown at 858°C. The temperature coefficient of the collapse field
for #87 is plotted in Fig.6.

COLLAPSE FIELD
87
Hy, Oe
380
360 ¢
340
0 50 100

TEMP 'C
Figure 8. Temperature versus Collapse Field

From 25 to 65°C % AHOIA'I‘C =-0.08%/°C. This increased to -0.14%/°C as the temperature
spproached 100°C. This temperature response is considered acceptable for device purposes. For
the next melt modification we decided to decrease the amount of gadolinium and increase the
samarium content. The ides was that we could increase Q without causing s serious degradation
of the temperature response. We also opted to increase yttrium at the expense of thulium to

boost the magpetization. While decreasing thulium will lower the magnelostriction constant xm.
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the increase in the magnetization will allow us 1o substilute more aluminum. We are confident
that this will help by putting the film in tension. Initially, we did not add any aluminum or
gallium to the melt when we modified the composition. A typical film with the modified rare
earth but no extra aluminum:

#94, 1=0.85 um, 1=0.111 um, 4rM=774 G,
Q=2.24, Aa°-0.003 compression

This brings us up-lo-date with this melt. The next step will be to add more aluminum to
decrcase the magnetization and the film lattice parameter. We expect that the Q for this new

composition will be the highest yet for our one micron material.

Half Micron Maicrial Development

The initial composition we designed for 1/2 micron bubbles was
Smo.a.s Gdo.u Tm” Yo.o Fc” Alo.s Ou
A typical film:

#80, t=0.96 ym, 1=0.083 um, 47M=960 G,
Q=2.0, Aa°-0.009A tension

The temperature coefficient of bubble collapse was measured:

25°C - 50°C -0.07%/°C;

50°C-85°C, -0.18%/°C
This material is suitable for 0.75 micron bubbles. We modified the melt to achieve a lower 1
value. Tbe modified composition is:

smo.ss Gdo.s Tmu Y1.o:» Fe“ Mo.z oxz
The temperature stability of this material should be acceptable as the large amount of iron will
keep the Curie temperature uvp. Small changes in the gadolinium content, which is used to
improve temperature stability, should not seriously affect the temperature response. In addition,
we sought to further increase the magnetization by adding yttrium to replace the gadolinium. The
decrease in aluminum will also increase the magnetization. A typical film:

film #83, t=0.69 ym. 1=0.061 ym, 4#M=1217 G,
Q=1.44, Aa°-0.009A tension

The temperature coefficent of collapse field increased to -0.019%/°C. This is still an acceptable
value. a similar film from the same melt:

film #83, 1=0.79 um, 1=0.057 um, 47M=1258 G,
Q=1.4, Aao-0.00SA tension

This brings us up-lo-date on the material development. We have characterized each melt to find
the optimal growth conditions. At this time we are not certain if the Q for the 1/2 micron
material is high enough We bope to study the implanted films and make composition changes
afterwards to improve the material.
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Film Parameters
The amount of supersaturation is important in determining several film parameters including:

® Lattice Mismatch, Aao .
® Characteristic Length
¢ Uniaxial Anisotropy. KU
® Magnetization, 47 M
In order to characterize each melt, we typically grew films over a range of temperatures.

Lattice Mismatch

The lattice parameter for our films increases lincarly with an increase in supercooling. Typical
results are shown in Fig. 7.
mismatch
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0.000 4
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Figure 7: Lattice Mismatch versus Growth Temperature

The upper curve is for the 1/2 micron material and the lower curve is for 1 micron material.
The 1 micron material bas aluminum substituted for iron. The | micron material has both
aluminum and gallium in it. The rare earth distribution is not sig=ificantly different. The slope
for the aluminum substituted garmet is -0.0003 A/°C. The slope for the aluminum and gallium
substituted garpet is -0.0002 A/°C. The increase is attributed to smaller size of the aluminum
ion compared to gallium.

As the growth temperature decreases, the growth rate increases as does the lead comtent in the
film. Lesd will increase the Iattice parameter of the film. No measurements of lead
concentration have been made.
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Characteristic Length
The characteristic length, 1, is given by

1=4(45)(AK )'? [ (4xM)?
where A is the exchange constant, KU is the uniaxial anisolropy enmergy density, lvM’ is the

magoetization. The characteristic length is related to the domain wall energy. It determines
stable bubble size by accounting for wuniaxial anisotropy and demagnetizing energy. The
characteristic length decreases with increased undercooling, as shown in Fig.8

1 (um) 58 - 66

.10

880 860 840
growth temp C

Figure 8: Characteristic Length versus Growth Temperature

The characteristic length is inversely proportional to the square of the magnetization. A and KU
will both increase with undercooling temperature but 1 is only proportional to the squareroot of
these terms. From the | versus T plot, one can select the appropriste growth temperature to get
the desired bubble size. The characteristic length is a material parameter and does mot vary for
films of the same composition with different thickness.

Magnetization

The magnetization decreases with increasing growth temperature. This is sttributed to the
increase in aluminum or gallium incorporated into the film at lower growth rates. A typical
result is shown in Fig.9 One can select the magnetic moment for a given composition by choosing
the correct growth temperature.

Film Quality

For device applications, film quality and reproducibility are important. Defects in the films,
either induced by the substrate or induced in the growth process will limit their usefulness. The
most important defects to control are those created by flux drops remaining on the film. The
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Figure 9: Magnetization versus Growth Temperature

film will contipue to grow beneath the flux drops as the film is removed from the melt, forming
hillocks or mesas. We have tried several different methods to remove the flux drops with limited
success. Tilting the substrate helps but the till angle must be kept low to avoid non-uniformity
in the film thickness. Gradually increasing the spin-off speed helps to move the drops to the
edge. With high speed rotation, the drops at the edge can be spun imto the melt.  The
temperature just above the crucible is slightly above the melt temperature so the flux will not
solidify immediately. The remaining problem is from flux drops which are exactly in the middie
of the film or those which break into a large number of small drops. The drop in the middle
experiences no centrifugal force and is impossible to remove by spinning. The fragmented drops
are also difficult to remove. The best way to avoid them is to increase the spin-off speed
slowly. The film uniformity and defect density still warrant improvement, but this will come
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with time. Indeed, we have passed the initial learning period and have become reasonably
proficient in producing high quality magnetic garnet films.
Reproducibility h

We grew several films to determine the reproducibility of film growth under similar conditions.
The following is a listing of films grown under identical circumstances.

Table 1: Reproducibility of 1/2 Micron Material

Film t ym 4rM G 1 pm T' °C growth rate
84 1.00 787 0.063 841 0.26 pm/min
103 0.79 760 0.057 842 0.25

Q K, 10%ergs/cm? rotation Aa
84 1.44 87.7 100 rpm 0.006 A tension
103 1.37 86.4 100 0.00S8

Table 2: Reproducibility of 3/4 Micron Material

Film t um 4rM G 1 pm T:C growth rate
78 1.09 973 0.081 849 0.23 pm/mn
79 0.90 998 0.085 850 0.21
80 0.96 960 0.083 850 0.23
Q KU rotation Aao
78 2.02 76.1 100 -.008A
79 2.00 79.2 100
80 2.02 74.2 100

Table 3: Reproducibility for 1 Micron Material

Film t ym 4rM 1 T rate

62 1.39 676 G 0.116 840 . 031

64 1.30 668 0.116 841 0.31
Q KU totation

62 2.28 41.7 100 rpm

64 2.35 41.9 100

We bave gshown here that the film properties for films grown from the same melt at the same
temperature are reproducible. We are not only interesied in how close the measured parameters
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are but also how small a difference is detectable. The three films described in Table 4 were
grown from the same melt at three different temperatures.

Table 4: Comparison of Parameters for 1 Micron Matenial Grown at Differant

Temperstures

Film t ym 47M G I pm T‘ °C rate pm/min
94 0.85 774 0.111 849 0.13
95 0.92 779 0.102 839 0.18
96 0.70 801 0.091 829 0.21

Q KU rotation Aao
94 2.24 53.4 100 0.007 A
95 2.09 50.4 100 0.005
96 1.93 53.4 100 0.003

The trend in lattice parameter and characteristic length are clearly consistent with previous data.
The decrease in 47M with increasing temperature is expected but the uncertainty is greater than
the measured difference. Typically, we allow a2 20 G margin. Relative errors in thickness will
have a stronger effect on the magnetizalion than on the characteristic length because the latter s
normalized to the thickness. The linearity of the lattice mismatch is consistent with measurements
on other films.
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PROGRESS REPORT

FABRICATION OF SUBMICRON GdCoMoAr BUBBLE MATERIAL

INTRODUCTION

The gadolinium cobalt molybdenum argon system (GdCoMoAr) hes, in the past, been
investigated as a8 possible magnetic bubble materisl. It was discovered by researchers
at 1.B.M. that 8 GdCoAr system possessed sufficient perpendicular, uniaxial anisotropy
80 as to permit the formation of magnetic bubbles (Chaudhari, et. 8l. 1973). This
group also noted that changes in fabrication conditions would easily aliow them to
alter Curie snd compensation temperatures with film composition. The addition of Mo
was later found to lower an'' fiatten the magnetization behavior of Co. This partially
completed study foliows in the footsteps of the previous investigators of this
material toward the goal of an optimal submicron compostion.

Garnet, the magnetic bubble material currently in use, is a single-crystsl oxide
grown on single-crystal, nonmagnetic garnet substrates by the process of liquid phase
epitaxy. From an economic standpoint, the necessity of using such substrates and the
combined need for expensive rare sarth metals in both substrate and grown film push
up the cost of garnets. GdCoMoAr, on the other hand, is an amorphous material
sputtered onto either glass or silicon substrates. The cost ~f such commonplace
substrates does not even approsch that of GGG, a commor garnet substrate. The
sputtering process is one which is well known in the semiconductor industry; hence it
is » thoroughly studied, commonly available fabrication method. Liquid phase epitaxy,
sithough used to grow such semiconductor crystals as GaAs, would probably be
included as e capital investment in the developing magnetic bubble laboratory. From a
physicsl point of view, GdCoMoAr systems offer other advantages: a higher mobility
than currently available in garnets, a tempersture insensitivity in the submicron bubble
renge and freedom from the equilibrium solubility requirements to which single-
crystals are bound. When compared with gernets, the inherent advantages of
GdCoMoAr systems make their continued study 8 worthwhile endeavor.

THEORETICAL SUMMARY OF THE GdCoMoAr SYSTEM

The magnetic nature of GdCoMoAr arises from the ferrimagnetic coupling between
- Gd and Co atoms. Figure | {llustrates a typical subliattice and total magnetization
behsvior for 8 GdCoMoAr system. The sublattice magnetizations are oriented anti-
paralis! 10 one another thus yielding the combined effect shown in the figurs. Bubble
devices are opersted in the region where the Co sublettice moment dominstes
because it is hers that the film's overall magnetiztion is most insensitive to
tempersture. Eschenfelder (1980) notes that it is desirablie from the standpoint of
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temperature insensitivity for bubble devices to tailor film compositions so as to
yield optimal Curie and compensation point placement: the Curie point should be at
least 150° above room temperature, the difference between Curie and compensation
points should be greater than 300° to insure maximum flatness of the n;agnetization
versus temperature curve and the tempersture midway between Curie and
compensation points should be less than room temperature to maintain decreasing
magnetization with temperature. The Iatter point may require some clarification : if
the magnetization increased with temperature then the corresponding decrease in
exchange and anisotropy constants would produce a decrease in the quality factor, Q,
and the bubbie diameter (Eschenfelder 1980). Figure Il illusirates the range of
compositions where these conditions are met.

Since the composition is the all important parameter in determining both Curie and
compensation temperatures, it is worthwhile to explain the effects of each
vonstituent of the GAdCoMoAr system on the overall behavior of the substance. It has
been shown that this system ¢ mplies with the Neel two-sublattice ferrimagnet model
(Hasegawa 1975). This study shows that the addition of Gd lowered the Co moment
(ss is expected of ferrimagnetic ordering), raised the compensation temperature and
lowered the Curie point. Molybdenum, a non-magnetic constituent of the system acts
as a damping agent of the film's overall magnetizstion in the temperature region
where the Co moment dominates. Bozorth gives data showing that the Co moment is
reduced at the rather rapid rste of 6'5"3 per fraction of Mo atom (Bozorth 1951).
Such a rapid quench rate defines Mo as 8 spin dilutent of Co (Chaudhari, et. al.
unpublished) : spin dilution involves the transfer of elactrons from Mo to the 3d band
of Co thereby lowering its moment (Hasegawa, et. 8l. 1975). The exhange constant, A,
which depends on the individual atomic moment also decreases thereby lowering the
Curie point (Chsudhari, stl. al. 1976). The presence of the diluted Co aiso effectively
increases the Gd content of the film thus causing the compensation tempersture to
rise. The other non-magnetic constituent of the film - Ar - is incorporated as an
inevitable by- product of the fabrication process. During sputtering a negative bias is
spplied to the substrate to induce perpendicular anisotropy (to be discussed further).
The Ar trapped within the film during fabrication acts as an alioy dilutent: alloy
dilution is maerely the displacement of magnetic stoms by non-magnetic atoms
thereby lowering magnsetization (Chsudhari, et. al., unpublished). The increase in Ar
content initiated by increasing the substrate bias does not appreciably affect the
Curie or compensation temperatures {Cuomo, et. al., 1975),

The I1.B.M. group responsible for recongizing the GJdCoAr system as a possible
bubble material siso noted that during the sputtering process s negative bias had to
be applied to the substrate if the sampies werse to exhibit a positive uniaxial
anisotropy constant. it has been postulsted that pair or short range atomic ordering
is the mechanism of asnisotropy in the GdCoAr system and that bissing produces
changes in that ordering (Gambino, et. al.,, 1874). For a given film composition it has




also been found that the uniaxial anisotropy constant - K; peaks at 8 substrate bias
of nearly -200V as shown in Fig. Il (Burilla, et. al. 1978). The same principles apply
to the GdCoMoAr system with the consideration that Mo generally decreasses the
anisotropy for a given Co/Gd ratio. Of course, anisotropy will siso increase as the
Co/Gd ratio is increased.

Coercivity in GdCoMoAr films has been found to be consistently higher than
corresponding coercivities in garnets. The coercivity of amorphous films depends on
the ratio of stripwidth to thickness as illustrated in Fig. IV (Bajorek et. al., 1976).
These unusually high coercivities may be due to inadequate substrate cleanliness,
admixing of substrate and film constituents caused by substrate biasing or oxidation
of the Gd in a thin surface layer of the film (Bajorek et. al. 1976). Thus it is
advisable to fabricate thick films such that the stripwidth approximately equals the
film thickness.

EXPERIMENTAL SET-UP

Fabrication of GdCoMoAr films is sccomplished through the sputtering process, as
previously mentioned. The films discussed in this treatise were made using a Perkin-
Eimer 2400 sputtering system with a sputter down target-substrate configuration. The
target consists of strips of Co ribbon overlaid with triangular sections of Mo and Gd
fastened to a copper plate with a low vapor pressure, thermally conductive epoxy.
This target plate is then bolted to the system’s water-cooled target assembly. It was
found that to maintain the integrity of the epoxy under the high temperatures incurred
during sputtering, intimate thermal contact must be established with the assembly’s
water well. Dow Corning high vacuum silicone grease has thus far proved to be an
adequate thermat connection. The choice of Corning 0211 cover glasses as substrates
is based on their availability, optical purity (an implication of surface cleanliness),
dielectric nature (for optimum field absorption during FMR) and track record 8s
GdCoMoAr substrates (eg. Chaudhari et. al., 19768). A high purity sputtering gas,
99.999% argon, is utilized to maintain a low level of oxygen - the principal
contaminant of argon. Substrate temperatures must be kept as low as possible during
sputtering to insure that the amorphous nature of these fiims is preserved. Gallium, a
common tharma! backing for sputtering, has been applied to these glass substrates
with good results. Due to the fact that sub-target substrate rotation is unavailable on
the Perkin Eimer 2400 sputterer, the compositional uniformity of deposited films has
been of great concern. A target-to-substrate distance of 8.35 cm. was chosen with
this in mind: the increased distance provides a large srea in which the sputtered
stoms may mix before falling onto the substrate. Thus with the above equipment and
set-up, films can be fabricated with their magnetic properties varied by adjusting
substrate bias, argon pressure and target composition.

Observation of strip domains visa the polar Kerr effect on an Orthoplan polarizing
microscope permits the measurement of 41M' and the charscteristic length, | (Fowlis
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et. al., 1971). The straight domain configuration, for which the technique is derived, is
generated through the application of an a.c. bias field. Care must be taken that the
domain configuration after applying the a.c. field is in its lowest energy state.
Sample thicknesses are measured with a Dektak stylus device which deterfnines the
height of an etched step. Film compositions are analyzed by electron microprobe.

The effective anisotropy field, Hx' is determined by ferromagnetic resonance. Five-
by-five millimeter FMR samples are cut from the film's center. The original 1.B.M.
research group noted that due to oxidation of the Gd in the uppermost layer of the
film anomalous FMR readings were generated; this surface condition is remedied by
sputtering a thin layer of SiO2 atop the newly deposited film prior to exposure to
atmosphere (Chaudhari et. al. 1876).

RESULTS AND DISCUSSION

Table | presents a compilstion of potentislly useful fabricat'ion and composition
dats collected thus far and will be cited quite often in the forthcoming discussion.

Changes in fabrication conditions consist of altering sputtering ges pressure and
substrate bias voltage; the target bias is maintained at 1.20 kV for all sputtering runs.
As previously mentioned, changes in the fabrication environment manifest themselves
in the fiims’ compositions and magnetic properties. The compositions of those fiilms
sputtered through 4/14/81 may contain impurities but this is not certain. Microprobe
measurements were not parformed by the writer and an initial lack of communication
between myself and the person who made the measurements is the major cause for
this uncertainty. Those sample i.d. numbers exhibiting an asterisk denote FMR samples
with an SiO2 overcoat; the fabrication conditions under which these films were made
is- mirrored in other specimens without an SiOz overcoat on which microprobe data
was tsken. Future films should have a mitigated possibility of copper incorporation
brought about by alterations in the target geometry.

Plots of the Co to Mo ratio and Co to Gd rstio versus substrate bias appear in
Figs. V and VI, respectively; the data points correspond to samples 51681A1 through
61181A1. The correspondence of Fig. V and the appropriste plot of Figs. Vil is an
extremely encouraging result. Figure VI, on the other hand, preserves the linearity of
the Co/Gd plot of Fig. Vil but a definite disparity csn be noted for compositions
fabricated with a substrate bias of less than 50V (the dashed portion of Fig. VI). At
the present time no exploration of this phenomenon is available and it remains to be
seen if this disparity is evident in future composition plots. The linear portion of Fig.
VI permits calculation of the sputtering constant, k, in the formula below
(Eschenfelder 1980):

(GdICol,,,, = (GA/Co) . [1-k(V,IV,]

target
(Gd/Co),, : Gd to Co ratio of s deposited film




(GdlCo)ww: Gd to Co ratio of the terget

V, : substrate bias V)

V, : terget bias (V) . i

Inserting 8 suitabie set of values yeilds a k = 4.73 which after comparison with
other sets of data may be used to predict deposited film compositions. The argon
contant of the films listed in Table 1 was not quantitatively measured for lack of s
reliable argon microprobe standard. Figure V11 |jllustrates qualitatively how argon
content of these sputtered films increases with substrate bias. The photographs
presented in Fig. V1II were taken from an electron microprobe composition analyzer.
In the future, an argon standard will be calibrated and used to make quantitstive
measurements of argon incorporation,

Though stripes were observed in several of the films listed in Table 1 limitations
of the polarizing microscope used did not slways permit the measurement of
stripwidth and thus G:M.. A photograph of the 1.5 um strip domains exhibited by
sample 61181B1e can be found in Fig. IX. The AuM‘ and | parameter values were
found to be on the order of 660 G and 0.19, respectively.

A vslue of the effective snisotropy fisld can be approximated from the static
bubble parameter chart shown in Fig. X. Having 8 measured value of 4-M and |,
value of 4.0x10™7 erg/cm is chosen for the exchange constant, A, on the bas:s of the
expected quslity fsctor, Q. These values yield »a KU-S.Ox'IO'orglcm and thus an
snisotropy field Hx s 2.27 k Oe.

CONCLUSION AND FUTURE PLANS

The work comprising this report is far from complete. From the theoretica!
considerations stated at the outset, it is easy to see that the magnetic properties of
smorphous GJCoMoAr are well suited for submicron bubble materials. Additional
slloy and spin dilutents can be sdded in addition to Mo and Ar which would further
tailor the properties of GdCoMo to specific industrial applications outside the realm
of bubble memories. The experimental set-up outiined and the results achieved thus
far provide an optimistic view that a multitude of specific applications for
GdCoMoAr can can be addressed properly.

With regard to the deveiopment of a submicron GdCoMoAr materisl, my future
plans include modificastions in the fabrication process as they are needed. Possible
haating effects during sputtering wil be investigated and the degree to which the
films sre amorphous will be determined using transmission electron microscopy. The
limits of opticsl microscopy for observing submicron domains can be overcome
through the use of Lorentz microscopy which has been used to examine GdCoMoAr
bubbles with diameters on the order of one hundred angstroms.
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‘ME EVALUATION OF CoCr MAGNETIC THIN FILMS

AS POSSIBLE SELF-BIASING LAYERS POR MAGNETIC BUBBLE DEVICES -

INTRODUCTION

Self-biasing layers are magnetic thin films structures which provide the
energy necessary to keep magnetic Bubbles stable. Such structures could replace
the permanent magnet assenblies of coils presently used to bias magnetic bubdble
devices. Self-biasing appears to have a nurber of advantages. Finished devices
would be easier to prepare (requiring just I or 2 extra thin-film processing
steps, rather than manufacture of permanent-magnet assemblies). It would also
be easier to get uniform bfas, and devices would be smaller and lighter. In
addition self-biasing layers would open up the possibility of applications which
vere senritive to permanent magnetic fields since the self-bias layer makes es-
sentially no external field.

This report covers background and analysis of self-bissing, experimental
data done to date and discussions, conclusions and plans drawn from that work.

BACKGROUND AND ANALYSIS OF SELF-BIASING

How does self-biasing work? A quick analysis shows that it cannot provide
an external permanent magnet Gias field such as present magnets do. If one
thinks {n terms of positive and negative magnetic charge, a magnetic thin film
with megnetizstion perpendicular to the plane of the film is the magnetic analog of
& parallel-plate capacitor. There is negligible external field. The field -4lIMs
set uwp by the magnetization is exactly offset by the demagnetizing field, -4lIMs ‘of
equal ngn‘itudc and {n the opposite direction (see Pig. 1).
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To correctly explain the self-biasing effect one must consider not only
the bias layer dut the bias layer, magnetic dubdble storage layer, and &he inter-
face betveen them (see Fig. 2). 1If one assumes a bias layer of higher intrin-
sic domain wall energy than the magnetic budbble storage layer, and one assumes
& bdias layer that can be saturated perpendicular to the plane and that will
hold that magnetization (more exact property requirements will be discussed
later) then a circular domain wall "cap” should form on the end of a magnetic
bubdle existing in the storage layer. Given that the wall energy in the bias
layer is higher, this dowmain wall "cap" should lie on the storage-medium side
of the interface. The equation for the total energy of a magnetic bubble in

the storage layer will now have an extra additive term due to the energy of

the "cap,” and will nov read:
E, = @Mglignrh) ¢ 2mrho,, - By ¢+ wrioy
energy due side domain de- "cap” energy
to any ap- vall energy magneti-
plied external zation
bias field energy

vhere M, = saturation magnetization of the storage medium
By = external applied bias field
r = radius of the budbdle
= height of the bubble (i.e. thickness of the storage layer)

h
Oy = fintrinsic domain wall energy per unit area of domain wall
for the storage layer

(Liu et. al., 1971)
To £ind the equilidrium condition, one takes the partial derivative of

the total epergy and sets it equal to sero. Thus:

_ﬂ_n-r_ = bﬂﬂ.n‘rh+2whov-_a_r342lrrov-0
or or

e o . m————— o~ -
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aividing by kwMg rh gives:

!‘ + S—v - 3ED/3!' + ov -

..—_.o

2Tl EmMorE 2Mh

This can be thought of in terms of "equivalent magnetic fields"
Hy ¢ B, - By + H =0
vhere

B, =% = "equivalent f1eld" due to side domain wall

arM,

By - aED/ar = "equivalent field" due to demagnetization
bwM rh

B =% = mequivalent field" due to domain wall "cap”

2Mgh
Note that By is independent of bubdble radius and can be thought of as an

Tequivalent bias field." Thus, for equilidrium:

(Ba+Bg), ¢ By -B,= 0O

combined effect of external applied dbias field
and self bias "effective field"
(Liu et. al., 1971)

The important question here is whether Hy can De made large enough so
that H, can be sero (i.e. complete self-biasing), re-writing the expression

for Hy in terms of the characteristic length "1" gives:

. By = _ov - iy (?;)
Mg z - \n

for b = b: (the suggested optimal value (Thiele, 19T71)) it follows that:

v

5 * _"_;_"; ()" o2 (m,)




Referring to Fig. 3 (from Eschenfelder, 1980), we see that this value for

By vwould require an unrealistically low value for h. The range of h
My 1 -1
used for practical devices is between 3 and 9. (Eschenfelder, 1980). If .

one put self-biasing layers on both sides of the storage film, however,
then there would be domain wall "caps"” on both ends of the magnetic dubble.

This would have the effect of doubling H,, 80 now
ov
B = M5 = LM (%)
and for == 4

H. = huMs(O.ZS).

Referring back to Fig. 3, one can see that this va{pe lies within the region
of bubble stability, so complete self-biasing is a definite possibility if two
self-biasing layers are used. RNote, however, that this point lies not in

the center of the stable region, but consideradly nearer the strip-out limit.

Carrying this analysis further, one can construct the hyperbola formed
= —%—~ and solve for its intersection with the curve
©
): [ ; BSO (i.e. the center of the stability region). This gives the point

at vhich self-biasing layers will give a device which iz in the center of

H
by the equation B
EﬂMs

the stability region. Referring to Fig. L, one can see that this implies

an %- value of 3.75, vhich is fairly close to the optimal value of L.00

and within the practical 1limits given by Eschenfelder (in Eschenfelder, 1980).

80 complete self-biasing appears possible. What are the required prop-
erties for self-biasing layers? First, one must be able to saturate such a

film perpendicular to the plane and have it stay that way. One possidle way

. e - e -
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to achlieve this is with a film of high perpendicular uniaxial magnetic
anisotropy (i.e. greater than the sum of LnMg for both the bias and storage
layers (Uchischiba, 197k), and high enough coercive force to prevent relaxa-
tion into stripe-domains. Asecond possible way (although not as desirable)
would be with a film so highly coercive that it will meintain saturation
magnetization in any direction. The second major requirement is that the
intrinsic domain wall energy in the bias layer must be greater than that

in the storage layer. In addition, it should preferradly be useable with

a vide range of storage layer media (including various kinds of garnets,

orthoferrites and amorphous materials).

The initial search for materials was directed toward perpendicular
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E:EEEEEE_EEEEszEE;ESSEg; This was because many of the required properties
are similar. A perpendicular recording medium requires high perpendicular
anisotropy, fairly high coercive force and high saturation magnetization.
In general, the higher the saturation magnetization of a material is, the
higher will be its exchange energy so such materials should also have high

domain wall energies,

CoCr r.f. sputtered films vere the materials chosen. Pure cobalt has

high unaxial anisotropy energy (K,) but the demagnetizing energy (2nMg2)

is considerably higher. Addition of chromium decreases the saturation
magnetization (see Fig. 5) and unaxial anisotropy of the material. Initially,
the saturation magnetization (and hence the demagnetization energy) decreases
comparatively more quickly than the anisotropy. Therefore, the combined ef-
fective uniaxial anisotropy (K,-2lMg) becomes positive, increases to a peak and
later decresses with addition of Cr (see Fig. 6). Peak value of Ku-2HM52 (ap-

prox. 5 x 10% ergs/cm3) seems to be at about 18 a.t.% Cr (Iwasaki and Ouchi, 1978).
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The coercive force for the materials was reported to be approximately 1 Kfe
(Uesaka & Judy, 1981). .
EXPERIMENTAL DATA TAKEN TO DATE

CoCr films were fabricated by r.f. diode sputtering with a Perkin-Elmer
2400 sputtering system (with water-cooled substrate table). A variety of dif-
ferent growth conditions were used (refer to Fig. 7 for summary table). In
order to determine film thickness, parts of samples were masked with black wax,
etched with nitric acid, then stripped and measured with a Dektak profilometer.
Atomic compositions were calculated from electron microprobe analyses. The
values for combined effective anisotropy (Ru-2mMg2) were calculated from torque
magnetometer data and film thickness data. Values for saturation magnetization
were estimated using atomic composition data, together with data of Iwasaki and
Ouchi (Iwasaki and Ouchi, 1978). It was not expected that Cr content would be
so low (approx. 10 a.t. %). The sputtering target was designed to be 20 a.t.2
Cr, but this was apparently decreased due to chipping during fabrication.

Separate graphs were drawn of K;; vs. target bias for the runs using 5 mTorr
Ar (Fig. 8) and 10 mTorr Ar(Fig. 9). A graph of K, vs. sputtering rate was
also plotted (Fig. 10).

A second sputtering target was procured and additional films were fabricated.
Torque curves for these are as yet unavailable. Film thickness measurements are
also not available, since it is preferrable to do them after torque magnetometer
runs have been completed (because thickness measurements require breaking off
and destroying a part of the film). What data are available for these more

recent runs are summarized in Fig. 1l.
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have been completed (because thickness measurements require breaking off and
destroying a part of the film). What date are available for these more

recent runs are summarized in Fig. 11l.

DISCUSSION, CONCLUSIONS, AND PLANS

Results to date show good qualitative agreement with the literature.
Looking first at the graph for the 5 mTorr dats (Fig. 8), one can see that
as r.f. voltage is increased, anisotropy rises, peaks at abcut 1.9 kv, and then
declines. The data of Uesaka and Judy shov a similar characteristic (see Fig. 12).
They plot squareness of the hysterisis curve (vhich can be taken to be a measure
of anisotropy). Their graph shows a peak around 1.8 &v (Uesaka and Judy, 1981).
Note, hovever, that their table spacing wmight be different so perhaps sputtering
rate might be a better bdasis for comparison.

The 5 sflfarr part of the sputtering rate graph (see Fig. 10) shows a very
sin;lltr trend to the target bias graph. This is to be expected, since sputtering
rate depends on target dbias. The peak value of anisotropy corresponds to s sput-
tering rate of 120. R/lﬂ-n- This is exactly the optimal sputtering rate quoted by
Uesaks and Judy (Uesaka and Judy, 1981).

The graph of K, vs. target bias for the 10 mTorr runs shows entirely dif-
ferent characteristics from that for 5 mTorr runs. This vas somewhat of a sur-
prise. It is important to note that this difference is not explainable in terms
of differing sputtering rates, as shown by Fig. 10). Rather, there is a basic
difference in the anisotropy trends for the tvo different gas pressures. The
data taken at 10=Ttyr Ar pressure agree vith th§ contention of Iwvaseki and
Ouchi that vhen working at 10 nforr the slowver one sputters, the higher will
de the perpendicular anisotropy. In particular, of the tvo rates vhich they

o
quote, sputtering at 55 A/min results in a substantially higher perpendicular
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anisotropy than sputtering at 161. X/nin (Ivasaki ana Ouchi, 1978).

Comparison of the data for the two different Ar pressures would seem
to indicate that §$ forr is the preferadle one. Not only vere films {cbri-
cated wvith higher values for K, but the high K, films could dbe sputtered
much faster. This is an important consideration vhen one thinks of practical
application. Uesaka and Judy concluded that 5 mTorr was the optimal Ar
pressure (Uesaka and Judy, 1981).

Although films have been fabricated with positive K,, the effective
perpendicular anisotropy (xu-annsz) for all films analyzed to date has been
negative (see Pig. 7). This {s due at least {n large part to two rajor rea-
sons. First, as discussed earlier, 10 a.t.f Cr is much too lov. Optimum
Cr percentage is about 18%. Increasing the Cr content will have the effect
of decreasing the demagnetizing energy (ZﬂM.z) relatively much more than the
anisotropy energy K,, and should make the dalance much more favorable (Iwasaki
and Ouchi, 1978). Secondly, the substrates must apparently be heated during
sputtering. Uesaka and Judy shov that peak hysteresis loop squareness re-
sults from heating the substrate tadble to 160°C (see Fig. 13), and in fact,
claim that one can not fadbricate films with positive xu-awu.z without heating
the substrates (Uesaka and Judy, 1981).

The composition problem has prodbably dbeen remedied, due to the new sput-
tering target mentioned earlier. Referring to Fig. 12 shows that Cr content

. varies from 20 a.t.% to 22 a.t.%, which should be a vorkadble range. For the
second prodlea, a heated sudbstrate stage has been obtained. The heater has

been tried in the system here, and a thermocouple for it has been fabricated

and tested. Sputtering of films of the new composition at elevated tempera-

gures has nov been carried out, but characterization data are not yet available.
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Assuming that the new films have high perpendicular anisotropy, the next
problem to be faced is that of coercive force. Preliminary data indicates
that CoCr films are not coercive enough to stay saturated in a self-bhiasing
situation. Solution of this problem will be attempted through the addition
of Sm to the films., CoSm and CoCuSm have been studied for permanent magnet
materials, and coercive forces as high as 20 to 30kOe have been reported for
getter-sputtered COSSm and Coj,65Cu] 355m. These exceptionally high values
require substrate temperatures in the 500°C-600°C range (Theurer et. al.,
1969). These temperatures could be harmful to the magnetic bubble storage
layer. However, f&r self-biasing, a coercive force of a few thousand Oersteds
is probably all that is needed, so considerably lower temperatures could be
used.

If films can be fabricated with sufficient perpendicular anisotropy and
coercive force, then they will be sputtered on actual magnetic bubble storage

materfals, for trials of the self-biasing effect.
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INVESTIGATIONS WITH A MAGNETO-OPTIC PHOTOMETER

INTRODUCTION

The magneto-optic photometer is an instrument used to measure the magnetic
properties of magnetization {ayers in magnetic materials and devices. Using this
photometer, one may measure the coercivity and the anisotropies of a uniform, in-
plane magnetization tayer, as can be done by other methods - FMR, torque
magnetometer, etc. However, the magneto-optic photometer, unlike other
magnetometers, can be used to measure these same properties on a microscopic
scale at any chosen area of a non-uniform, in-piane magnetization layer, such as is
found in devices made using microfabrication techniques. This area selectivity makes
it a powerful tool in analyzing magnetization processes and directly relating these
processes to device performance. The photometer is thus far being used in analyzing
magnetic bubble devices, and magnetic recording heads, but may also be applied to
magneto-optics and microwave devices.

SYSTEM DESCRIPTION

The magneto-éptic photometer consists of a polarizing microscope utilizing a laser
light source and a - photomultiplier (PMT) light detector along with electronics for
applying magnetic fields and analyzing the PMT signal (see system diagram in
accompanying journal article). The system reiies on the Faraday magneto-optic effe..
for operation. The Faraday effect causes the polarity of light to rotate as th>? ',
beam passes through a magnetic material. The amount of rotation is proportional r-
the component of magnetization that is paralle! to the light beam, i.e. A

angle of rotation = Fdm 1l (1)
where m is the direction of magnetization
1 is the direction of the light beam

F is the Faraday coefficient of the
magnetic material

d is the distance which the light travels
through the material

The Faraday rotation angle is therefore an indicator of the direction of the
magnetization and can be used to measure the reponse of the magnetization to
applied fields. Knowing the response of the magnetization to applied fields is of
utmost importance in understanding device performance. This response is dependent
upon the magnetic anisotropies (favored magnetization directions) and the coercivity
(initial resistance to magnetization change) of the material. The magneto-optic
photometer can be used to measure these properties, nhot oniy in a uniform magnetic
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film as most other types of magnetometers do, but aiso at specific points within a
non-uniform film such as an ion-implanted bubble device.

in investigating the ion-implanted layer of magnetic bubble devices, the magneto-
optic photometer works as follows: Laser light of wavelength 488nm is polarized
transversely to the beam direction by the microscope polarizer (see Fig. 1). Using the
microscope optics, the polarized light is made to be incident on the ion-implanted,
in-plane magnetization layer at an angie of 20° from the film normal. The light
travels through the in-plane magnetization layer {drive layer), and its plane of
polarization is rotated about the light beam axis by an amount as described in Eq. 1.
The light reflects at the drive layer/bubble layer interface and travels back up through
the drive layer, its plane of polarization rotating further. The polarized light, now
containing information about the magnetization in its polarization angle, passes back
into tk2 microscope optics and through another polarizer, the analyzer, set at about
90° to the first polarizer. Since the two polarizers are crossed, aimost no fight gets
through except that light which has rotated polarization due to the Faraday effect. The
intensity of the light passing through the analyzer is proportional to the Faraday
rotation, and this intensity is detected by the photomultiplier, which converts it into
an electrical signal.

To enhance the sensitivity of the system, the system is used in a time-varying
mode as follows: An AC in-plane magnetic fieid is applied to the magnetic film at a
specified frequency (the reference frequency). The AC magnetic field causes the in-
plane magnetization to oscillate at the same frequency. Hence, the Faraday rotation
also varies at the reference freguency, as does the light intensity to the PMT. A
phase-locked amplifie} is used to look at only_ the part of the signal from the PMT
that is at the reference frequency. The magnitude and phase of the AC signal from
the PMT, when compared to the applied field amplitude and phase, gives information
about the magnetic anisotropies and coercivities.

MAGNETO-OPTIC MEASUREMENTS

Coercive Force -~ The coercive force is the magnetic field which when aplied to a

. Mmagnetic material will cause a change in the magnetization. The larger the coercive

force, the more “lossy” the material is, snd more power is needed to operate a
device using the material. This loss is known as hysterisis loss.

The magneto-optic photometer can be used to find the coercive force by plotting
the derivative of the M-H hysterisis loop. This is done by applying 8 small AC
reference field along the in-plant direction of the light beam (the y-axis), while
slowly sweeping a large “"DC"” field along the same direction. The AC field varies the
magnetization about a “DC” equilibrium position, the variation being proportional to
the slope of the M-H curve at that position. By integrating the output, the M-H loop
is formed.




Coercive forces of less than 5 Oe were measured as conveyed in the appended
article. These are reiatively small fields, and imply that domain wall movement may
be the principal magnetization process at low fields.

Determination of Crystalline Directions ~ The garnet fiims typicaily used in ion-
implanted devices have cubic crystalline symmetry and are oriented with a <111>
crystal axis perpendicular to the film. When a perpendicular bias field is applied to
the film so as to stabilize bubble domains, the in-plane magnetization of the drive
layer is subject to the forces of the crystalline anisotropy which resuit in three
favorable directions for the magnetization (see accompanying journal article). The
magneto-optic photometer can be used to detect these directions.

A large AC reference field is rotated within the plane of the film as outlined in the
journal article. When the sample is oriented with an easy magnetization direction
along the y-axis, it is found that there is no phase difference between the reference
field and the PMT signal.

Crystalline Anisotropy - The magnitude of the crystélline anisotropy, K1. can be
measured by fitting data from the magneto-optic photometer with a computer model
of the system. A computer program has been written which simulates the behavior of
the in-plane magnetization for a given crystalline anisotropy constant, K1. The
program calculates the response of the magnetization to applied fieids and the
resultant PMT signal. By varying K1 in the computer program, the computer output is
made to fit the actual experimental output. The K1' which causes the best fit is taken

as the anisotropy constant of the experimental film.

in one experiment, » large AC in-plane reference field is applied along the y-axis
(see journal article)l. The sample is rotated in 10° increments and the magneto-optic
photometer output is recorded at each increment. The computer program is used to
simuiate the same experiment. K1 is varied in the computer program until the
computer output and the actual output agree. The value of K1 was found to be -3500

ergs/cma.

Further verification of the K, value was done by fitting the computer output to an
experiment in which the reference field was applied along the x-axis. This gave K1 ]
-2900 ergs/cms. Together, the two experiments gave |<,l = -3150 ergs/cm3 with o =
250 erg/cms.

The value of K, = -3150 ergs/crn3 was found to fit well to the data of a third
experiment in which a small reference field was applied in the y-direction while a
large field was slowly swept in the x-direction. This method of curve fitting gives an
accuracy of better than 10% in finding K,
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SYSTEM ADDITIONS

Rotating Stage - A motor-driven, rotating sample stage has been added to the
photometer system since the appended paper was written to allow K1 measurements
to be more easily and more quickly made. Now the sampie is rotated automatically
and with greater accuracy than can be achieved manually. Also, the resultant output
is a continuous curve rather than a set of data points. Thus, an experimenter has a

better picture of the actual response and is less likely to miss unusua!l’ behavior in
the data. '

Transmission Magneto-optic Photometry - Since magnetic garnet films and garnet
substrates are transparent, it is possible to have the incoming polarized light enter
through the bottom of the sample (the substrate) and exit through the top (the ion-
implanted drive layer). This transmission type of photometry offers several
advantages over the reflection mode explained previously {(see Fig. 2}

{1) In transmission, all of the polarized light reaching the analyzer has travelied
through the drive layer and hence has undergone Faraday rotation Thus, all of this
light contributes to the PMT signal. in the refiection mode, much of the light reaching
the analyzer has been reflected off the top air/drive-layer interface and contributes
nothing to the signal, except possibly interference because of the Kerr effect.

(2} When the proper wavelength of light is used, more light is transmitted through
the sample than is reflected at the drive-layer/bubblie-layer interface. Therefore, a
larger percentage of the incident light contributes to the signal in transmission mode
than in reflection mode.

(3) In reflection mode, the light beam passes through the drive layer twice: once in
incidence and once upon refiection. Because light.changes phase upon reflection, the
analysis of the data is complex. in the tansmission mode the light beam's single
pass through the drive layer should make data analysis simpler.

Though the transmission mode offers the above advantages over the reflection
mode, it is not a replacement of the reflection mode. The reflection mode has the
advantages of needing access to only one surface of the sample, of being able to be
used cn non-transparent magnetic materials {the Kerr effect would be used instead of
the Faraday effect), and of being more suitable for probing the surface only.

in preparation for transmitted light photometry, a lens-and-polarizer assembly has
been designed and is being built to fit underneath the microscope stage. The
assembly will direct and focus poisarized iaser tight up through the bottom surface of
the garnet sample, up through the drive layer, and out the top of the sampie. The
usual microscope optics receive the transmitted light beam and send it through the
analyzer to the PMT. The lens-and-poiarizer assembly is designed to aliow for
focussing, as well as x-y movement of the lens, rotation of the polarizer, and
changing of the angle of incidence of the light.

- o _ " A k.
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Spot-Size Reduction - To look at small magnetic structure in the ion-impianted
films, it is necessary to illuminate only the small area of interest. The magneto-optic
photometer uses the optics of a microscope to achieve the necessary resolution. The
data taken in the accompanying article were obtained with a spot-size of S5ym (the
diameter of the illuminated »area). This size is fine for finding uniform fiim
properties, however structures in ijon-implanted bubble devices are on the order of
1pym. Spot sizes of this magnitude can be realized with a careful arrangement of
lenses between the laser source and the microscope objective lens (see system
diagram in journal article). Painstaking alignment can result in a spot of about 1.5,m.

increasing Resolution in Image Plane - Resolution of small magnetic structure can
be further increased by decreasing the area of the image reaching the PMT. An image
of the illuminated area of the sample is formed just before the PMT by the
microscope optics. |f an opaque sheet having a small aperture in to see placed in the
plane where this image is focused, only that part of the image passing through the
aperture will reach the PMT {(see Fig. 3). Because the image of the sample area is
about 100 times larger than the actual area, a 50ym aperture in the image plane can
reduce the effective spot size seen by the PMT down to 0.5,m. Such a small
effective spot size would make the magneto-optic photometer a powerful tool in
probing local magnetic properties of devices.

A system for achieving this kind of reslution is being obtained from Leitz. The
system allows the experimenter t0 see the actual spot size and the effective spot
size simultaneously. Therefore, the experimenter knows exactly what area he is
probing.
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INVESTIGATIONS OF ION IMPLANTED LAYERS GF GARNET BY
TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy is being used to study the effects of ion
implantation on single crystal garnet materials. Previous investigations of ion
implanted garnets have used techniques such as X-ray diffraction and Mossbauer
spectroscopy which do not offer high resolution and are thus not amenable to
investigation of microfabricated structures with micrometer or smaller dimensions.
The use of electronmicroscopy for these investigations has been hindered by the
difficulty of thinning single crystal epitaxial materials. Although our yield of thinned
samples has not been high we have been successful in making a sufficient number of
samples to investigate the strain profile near boundaries between implanted and
unimplanted areas in a garnet. Since magneto-striction effects at these boundaries are
critical to the operation of ion implanted bubble and microwave devices, these
investigations are expected to have a significant technological impact. We expect in
the future to investigate the effects of annealing, different implantation conditions,
etc., and to broaden the microscopy investigations to include studies of implantation-
induced defects and Lorentz microscopy. Below are described the sample preparation
procedures and measurements of the strain profiles at implanted boundaries which
have thus far been performed using selected area transmission electron diffraction.

SAMPLE PREPARATION

Sampies employed for examination are films of (Sm Y GdTm)sGaOAFe&GOu,
epitaxially grown on 0.5 mm thick gadolinium gallium garnet substrates. A pattern of
8ym diameter disks on 16ym centers in a square lattice is defined on the film
surface in AZ 1350J photoresist. lon-implantation is done through the
photolithographically defined mask at 120keV with 1x10'® 0/em? and at 80 keV with
4x10'® He/em?. This implantation is designed to produce a relatively uniform
distribution of ions to a depth of about 3000A.

THINNING PROCEDURE

For examination by TEM, samples must be thin {(<200nm) in order that the electrons
pass through. The sample must also have a mirror-like surface so that the images
obtained contain only information about the internal structure. The thinning procedure
is described below.

After implantation, the photoresist was removed from the garnet and the wafer was
diced into chips. Individual chips were then bonded to a polishing block using wax
and the substrate was thinned by grinding with grit of decreasing particie size
(254,15,,94,6,4.34). After thinning to approximately 604, thickness, the chips were cut
into 3mm diameter disks and polished. The polished disks, which were about 30,m
thickness, were removed from the polishing block using warm acetone and
transferred into an ion-milling machine (Gatan, Model 600).
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The ion miller is equipped with two ion guns for one sample and designed so that
the center of the siowly rotating sample (0.5rpm) is removed by an Ar* beam and
thinned until a small hole is formed at the center. The edge of the hofe is usually
thin enough to allow transmission of the electron beam for image formation. The rim
of the sample, which is not thinned is used for handling the sample after ion milling.
The photolithographically defined disks on the sample are approximately 8um in
diameter. For the investigation it is necessary that the thinned portion of the film,
therefore be somewhat larger than 8um. For this purpose, the following ion milling
procedure was used. Prior to the start of ion milling, one of the two ion guns was
aligned approximately 0.4mm off center so that a circular depression of 0.8 mm
diameter was formed as the specimen rotated. The other gun was next aligned to
ion-mill the center of the specimen. Thus, alternating between guns, a large
relatively flat area, of 0.8 mm diameter, may be formed.

The ion milling was performed at the substrate side. An Ar* beam at 6kV with the
gun current ranging from 0.1-0.3 mA was used at a glancing angle of 10-15°. These
conditions were selected to accelerate the ion mifling process and avoid formation
of a2 rough surface. The ion milling time required to prepare one sample, typically,
was 40 hours. At about 2 hours before the end of the process time, a small dimple
will form due to the compressive stress in the implanted region. After this dimple
was observed only the ion gun aligned at the center was used until a small hole was
formed.

USE OF TEM

A transmission electron microscope JEM-100C, operated at an accelerating voitage
of 120kV was used to locate unimplanted discs in the garnet and examine
microstructural defects in the implanted area. However, as may be expected for
garnet, which is ionic in character and possesses a large lattice constant (a=12.383A)
and thus possesses a large Burgers vector, iarge scafe lattice defects were not
observed in the implanted region. Hence, it was determined to direct the efforts to
experimental confirmation of the localized stress relaxation at pattern boundaries. It
was very recently suggested by Hidaka and Matsutera (Appl Phys. Lett, 39, 116
(1981)) and Backerra et al. (Philips J. Res., 36, 112(1981) that in ion implanted
contiguous disc bubble devices, there should be a localized stress relaxation near to
and normal to the boundary, leading to the localized uniaxial anisotropy necessary to
form charged walls. However, there has previously been no experimental work
reported which provides information on the localized strains introduced at pattern
boundaries.

Electron microscopy may be used both for imaging and electron diffraction, and
with the aid of an intermediate aperture, it is possible to obtain diffraction patterns
from small portions of the sample, which is termed selected area diffraction (SAD).
With the JEM-100C, the diameter of the smallest selectable area was 0.7um. This
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diameter of the diffracting area was employed throughout this investigation to obtain
strain profiles by measurement of the variations of lattice constants, Fig. 1 shows
the simplified- geometry of selected area diffraction. The disc of 0.7um diameter
corresponds to the diffracting area. On the viewing screen or photographic plate, the
hkl spot appears at a distance r_ from the transmitted beam spot (000) in a
direction perpendicular to the atomic plane in the real space, which has Miller
indicates hkl and the interplaner spacing dh“, where d = XLlrhkl is the wave length
of the incident electron beam and L is a constant characteristic of a set of selected

conditions of the microscope.

For cubic garnet crystal, the lattice constant a=dhk|[h2¢k2+12] . Therefore, the lattice
constant in a direction perpendicular to the hk! plane may be obtained by
measurement of Tkl Since the typical angle between transmitted and diffracted beam
is small (€ 1 ‘o 2°), the lattice constant measured in this way is the in-plane lattice

constant.

The electron microscope image appears rotated with respect to the diffra_ction
pattern. However, the rotation angle is a function of the electron microscope
operating conditions and can be easily determined. Thus, after correction for image
rotation, it was possible to measure in-plane lattice constants as a function of
position with 0.7 micron spatial resolution.

A Siemens recording microphotometer was used in measurement of the distance
between two spots in the photographed SAD pattern.

EXPERIMENTAL RESULTS

Fig. 2 shows an example of a diffraction pattern characteristic of the (111) plane
and an eiectron microscope image of a non-implanted disc, which is surrounded by
implanted region. The thin lines which run through the non-implanted region, were
found to be diffraciton contours which occur because of curling of the sample in a
direction perpendicular to the diffraction contours. These lines bend at the boundary
of implanted and non-implanted region, suggesting that the lattice constants abruptly
change at the boundary.

Before the actual measurement of lattice constants, calibration of the camera
constant AL, which is a function of accelerating voitage and other operating
conditions of the microscope, is needed. The A ("nkl'dhkl) may be determined by
measurement of Ml for a substance which has an accurately known interplaner
spacing. For this purpose Au was used. Also, in order to avoid the possible
difference in L, 100A of Au was deposited directly on some of the ion-milled garnet
foils. The Iattice constant of garnet, at the center of the non-implanted discs,
invariably was found to be 12.43|{0.01A, a value somewhat greater than those of
usual garnet (a=12.383A). This larger value may have arisen because the lattice
constant of Au is somewhat expanded by tensile stress introduced by deposition on
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the garnet film. However, in this preliminary study, it was observed that the value of
XL was constant with respect of time. Therefore, in subsequent measurements, Au
was not deposited and the lattice strain Aa/a was referenced to the lattice parameter
at the center of the unimplanted discs.

Fig. 3 shows in-plane strain as a function of position along three directions which
run through the center of the non-implanted discs. The lattice constants at each
position were measured for diffraction spots which were aligned at or nearly normal
to the disc edge. Thus, the in-plane strain was measured for directions normal to the
boundary edge. Uncertainty in the measurement, which depends on sizes of the
aperture and diffraction spots, was to within Aa/a = 0.06% To minimize the spot
sizes, the intensity of the incident electron beam was minimized and a long exposure
time, typically 1 minute, was empioyed. The iocations of the individual diffracting
areas, of 0.7 micron diameter, were frequently checked by photographing the image
with pointer which indicates the diffracting area. An example of such a photograph is
given in Fig. 4. In this way, a spatial accuracy of better than 0.2 ym is achieved for
the data presented in Fig. 3.

DISCUSSION

The data in Fig. provide experimental evidence of the stress relief predicted in
the models proposed by Hidaka and Matsutera (Appl. Phys. Lett, 39, 116(1981)), and
Backerra et al. (Philips J. Res., 36, 112(1981). These workers pointed out that, for a
film on a thick substrate, there is no relaxation parallel to the boundary (the y-
direction in Fig. 5), but that there is an elastic relaxation normal to the boundary
causing the implanted region to expand and the unimpianted region to contract.

Although the film= examined in this study had the substrate removed, thereby
allowing stress relier in all directions, the data in Fig. 3 indicate that significant
stress relaxation normal to and near to the boundary does occur in qualitative
agreement with the above models. Figure 5 shows a model for the stress relaxation
expected in films with no substrate. In Fig. 52, 2 schematic cross-sectional diagram
of the cubic lattice near the interface between the unimplanted and implanted areas
is shown. In the far left hand edge of the diagram the lattice constant is uniform
and equal to that of an unimplanted garnet film, while on the far right the liattice
constant is also uniform, but equal to that of a uniformiy implanted film. The area
of interest is the transition region between the two uniform areas.

To understand why the strains indicated in Fig. 52 occur, consider the stresses on
unit cells near to the boundary between the unimpianted and implanted areas. Figure
8b shows the cells and their distortions. The cell on the ieft lies in the unimplanted
area and without any additional stresses would be cubic with a lattice constant
smalier than that of neighboring implanted celis on the right. Due to bonding of the
unimplanted cellis to larger implanted cells, both the unimplanted and impianted cells
fee! stresses causing them to distort. The unimpianted celis feel tensile stresses in
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the y and z directions, causing the lattice constant a, measured along x, the normal
to the implanted boundary, to contract. Similarly, the implanted cells feel
compressive stresses in y and z, causing the lattice constant measured normal to the
implanted boundary to expand. A measurement of strain perpendicuiar to the
boundary between unimplanted and implanted areas is thus expected to exhibit a
minimum on the unimplanted side near the boundary and a maximum on the
implanted side near the boundary as shown qualitatively in Fig. 5c.

The majority of data in Fig. 3 show evidence of minima and maxima in the strain
normal to the boundary like that in Fig. 5¢c. In certain cases, however, the minima
and/or maxima are not detected. It is possible that failure to detect the peaks in
those cases is due to experimental difficulties, such as the fact that in very thin
films the relaxation might occur over a very short distance, making it possible that
the peaks in strain were located between positions where data points were taken,
Alternatively, if the minima and maxima in strain are in fact absent, then one must
conclude that the implantation induced stress is graded across the boundary in such a
fashion that the tetragonal distortion indicated in Fig. 5 does not occur. This could be
the case in samples which have an implantation fnask profile which is chamfered at
the edge and suggests that the charged wall structure may depend critically on the
implantation profile normal to the boundary. Relaxation of the peaks in strain at the
boundary could also occur as a result of annealing. Diffusion of the defect structure
introduced by implantation and responsible for the stress wouid be promoted by the
non-uniform stress fields existing at the boundary,

The non-uniform stresses at the boundary between implanted and unimplanted areas
can be expected not only to produce significant magnetic anisotropies in the
implanted layer, but also in the underlying bubble layer. To estimate the stress
induced anisotropies in the bubble fayer, an anaiysis of stress fields from patterned
metal films performed by Dishman et al. (J. Appl. Phys. 45, 4076 (1974)) is used.
Although contiguous disk devices use curved boundaries, the analysis may be
simplified by assuming a straight boundary as in Fig. 6. This approximation is
reasonable when the radius of curvature R of the boundary is large compared to the
implanted film thickness t, which is typically fulfilled in practical devices. (With 1um
bubbles, R = 4,m and t = 0.4ym.) The stresses from the implanted layer are
approximated by a line force s = ot acting at the surface of a semi-infinite solid,
where . is the compressive stress in the implianted region. The line force is
assumed to exist a distance t/2 above the surface of the bubble material and the
space between the line force and the bubble layer is assumed to have elastic
constants equal to those of the bubble material.

To obtain a value for o .x We use data from Fig. 3 and Tx = Yexxl(1-2u) where Y
is Young's modulus and v is Poissons’s ratio. Choosing e"-o.s% as a typical value
in the uniformly implanted region far from the disk edge in Fig. 3, and using

v=2x10'2 dyne/cm2 and v=0.32 we find axx-2.8x10’° dyne/cmz.




Taking the origin of coordinates at the point of application of the line force, the
longitudinal stress in the z direction perpendicular to the film is given by

g, = 25 x zzln(xz*yz)2 (1
which has a maximum value of
» al(max) = -9s/8 3nz (2)

when x = 2/ 3. This stress component gives rise to an anisotropic energy density
which when added to the growth induced anisotropy of the film produces a total
perpendicular anisotropy energy density

E, = Ksin8+15),, 0 sin?f (3)
z [¥] 11172

where 6@ is the polar angle defined from the z-axis. In the region x>0 under the
implanted layer o, is positive. Since x”1 is typically negative, the stresses from the

boundary reduce the effective perpendicular anisotropy of the garnet.

Table | compares 1.5 k1” %0 with Ku for two garnets used in 1um buoble ion
impianted devices. Values are given both at the top (z=-t/2) and bottom {z=-h-1/2)
surfaces of the bubble layer which is h=0.8,m thick and which has an implanted layer
t=0.4um thick on its surface. The SmGdTmYGa garnet, which is useful as a single
layer ion implantable material, has high magnetostriction ()‘111 = -3.5x106) and
moderate Ku. The CuTmYGa garnet, which has been used in double layer contiguous
disk devices, has lower magnetostiiction ()\111 = -1.8x107%) and higher K. It is seen
that 1.5 )\”1au is cemparable to KU in the SmMGATmYGa garnet, but significantly iess

than Ku in the EuTmYGa garnet.

Since the net perpendicular anisotropy near an implanted boundary in SmGdTmYGa
garnet films is much less than in EuTmYGa garnet films, the nucleation threshold for
bubble domains ‘is considerably lower when using the SmGdTmYGa garnet material.

' With identical nucleator designs current requirements for nucieation in SmGdTmYGa
films is about one-half the current requirement in EuTmYGa materials.

The reduced perpendicular anisotropy at the implanted boundary edge also gives
rise to a potential energy minimum for domain walls there. Thus the force
necessary to pull a bubule domain from a boundary edge should depend linearly on
the magnetostriction constants of the bubble material. One would expect, therefore,
that devices using high magnetostriction materials would require higher transfer gate
currents than devices using low magnetostriction materials.

CONCLUSIONS

Measurements of strain perpendicular to the edge of implanted boundaries in garnet [
films indicates that in most cases there i~ stress relaxation normal to the boundary. :
These data are in agreement with the oredictions of researchers who have indicated ‘
that such stress relaxation is critical for the formation of charged walls. In some {
cases the data do not show the expected strains. Although experimental difficulties
may have prevented their measurement, it is &lso possible that the stress profile f’




normal to the boundary is graded over a sufficiently large distance that the predicted
relaxation does not occur. This could arise when the implantation profile normal to
the boundary is graded, due to a chamfered mask edge, or when the non-uniform
stressec at the boundary are annealed out.

Consideration of the stress induced anisotropy arising from an implanted boundary
led to the conclusion that bubble layers with high negative magnetostriction constants
can be expected to have low bubble nucleation thresholds and to require large field
gradients to pull a bubbie from an implanted boundary.
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TABLE I
3 A0, (max) (erg/cm3) Ku(erg/cm3)
MATERIAL -2 "111%z
TOP BOTTOM
SURFACE SURFACE
SmGATmGaYIG -4.5x10% -1.2x10% 3x107
h b L
EuTmGaYIC ~2.3x10 -0.6x10 L.6x10
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FABRICATION OF CONTIGUOUS DISK MAGNETIC BUBBLE DEVICES

INTRODUCTION

Contiguous disk magnetic bubble devices offer order of magnitude higher bit
densities than conventional field access permailoy devices which are now in
manufacturing.

This report describes progress in fabricating submicron ion implanted magnetic
bubbie devices, which require 1 minimum line width. Electroplated gold was selected
over photoresist as a propagation pattern implantation mask because photoresist
patterns show rounding effects at pattern edges. Separate conductor masks are used,
apart from the propagation pattern mask, to give wider design lattitude. A
propagation pattern device for 1 ym bubbles was fabricated on a double layer garnet
film . with material characteristics shown in Tablc |I. Its device structure and
processing steps are shown in Fig. | and Tabie Il, respectively. Test results show
bias margin (Fig. 2, 14% for good track) comparable with published data. Other
propagation devices for 1ym and 0.5,m bubbles are being fabricated.Masks for these
devices were fabricated using electron beam lithography at the National Research and
Resource Facility for Submicron structures and are shown in Fig. 3.

In the following section, the processing steps listed in Table |l are discussed in
detail and future research directions are indicated.

DEPOSITION OF RELFECTION LAYER, SPACER AND PLATING BASE

A reflection layer is deposited to facilitate the observation of bubbles with a
polarized light microscope. Pellets of Cr were evaporated with a resistive vacuum

" evaporator with good results.

Si02 was sputter-deposited as spacer with no difficulties. Typical deposition rate is
80 A/min at 150 W forward power and 10 mTorr Ar pressure using a Perkin Eimer
2400 series RF sputterer.

About 40 A of Mo and 80 A of Au were used as adhesion layer and electroplating
base, respectively. They were sputter-deposited successively in one pumpdown
without breaking vacuum so as to insure good adhesion of Au on Mo. Deposition
rate of Mo was 120 A/min and that of Au was 240 A/min at 150 W forward power
and 10 mTorr Ar pressure. Using this techique good adhesion was obtained, whereas
when Mo and Au were deposited in separate pumpdowns, adhesion was poor.

PHOTOLITHOGRAPHY

The main advantage of contiguous disk devices is the ability to manipuiate small
bubbles with large circuit patterns (minimum features are twice the size of the bubble
diameter). This aliows the use of conventional optical lithography rather than electron
beam or X-ray technology. :
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The mask designed by us (Fig. 3 and Fig. 4) contains both 1 ym and 0.5 um
propagation patterns with various shapes such as diamonds, symmetrical arrows and
asymmetrical arrows. It was made at Cornell University’s National Submicron
Facilities with a Cambridge electron beam pattern generator and chemical etching of a
Cr mask. Although this mask is quite good, sputter etching of the mask wili be
attempted in the future to obtain even better linewidth control.

The photolithography process is used to define the ion implantation mask and
conhductor patterns. AZ-1350Z photoresist with 1.0 ym-1.5 ym thickness was used.
1.5 ym of photoresist was used for 1 ym bubble devices with good pattern
delineation, while 1 x of photo resist (AZ 1400-27) is being used to fabricate 0.5 ym
patterns.

A Kulick and Soffa contact printing mask aligner was used to print the mask.
Patterns for 1 4, bubbles were very good, but only 30% of tte 0.5 ym patterns
fabricated thus far appear to be acceptable. We are trying 1o obtain a grant from the
NSF to purchase a new contact mask aligner with submicron resolution and improved
alignment tolerance (0.1um!} to improve our yield on submicron structures,

ELECTROPLATING OF ION IMPLANTATION MASK

The electrodeposition of gold through a pbhotolithographic pattern requires very
simple equipment, but gives excelient pattern definition and a2 good implantation
mask. The plating method used was a variation of barrel plating as shown in Fig. 5.
The barrel is stationary and serves as the anode. The sample is clamped to the shaft
of an agitating motor which is connected to the negative terminal of a constant
current source. This plating cell was built along with a motor control unit which
automatically changes the direction of the rotation of the agitating motor at desired
intervals. Sei-Rex Corporation's goid bath BDT 510 was used with excellent resuits,
Gold plating rate was 2,300 A/min. at 5 mA/cm? current density.

SPUTTER ETCHING OF PLATING BASE AND ADHESION LAYER

After gold piating, the plating base and adhesion layer outside the proagation
patterns were removed by sputter etching. The etch rate of gold was 120 A/min at
150 W forwerd power and 10 mTorr Argon pressure, while that of Mo was 20 A/min
at the same conditions. ’

ION IMPLANTATION

In devices fabricated thus far, tripie impiantation of He* with energy levels of 190
KeV, 90 KeV and 30 KeV and respective dosages of 3.5x10/em?, 1.96 x 10 /ecm? and
1.15 x 10 /(:m2 was used. This implantation gives relatively uniform damage levels
throughout the bubbie driving Ilayer thickness of about 0.35ym. We are now
experimenting with double impiantations of deuterium and oxygen,
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FUTURE RESEARCH

Many more propagation patterns for both 1 um and submicron bubbles will be
fabricated and tested to optimize garnet growth conditions, ion implantation
conditions and overall device performance as well as to improve metal overiay
fabrication techniques. Presently, masks are being designed for bubblie memory chips
containing all functions necessary for full read/write operation. The emphasis of our
work is to gather experimental data on how ion impianted devices scale to higher
density, to test out new submicron bubble materials, and to identify any unforseen
problems of submicron-dimensioned ion-implanted devices. It is anticipated for
example that the profile of the implantation at a boundary may be critical to
submicron device performance as suggested in the section describing measurements
of the strain profile at implanted boundaries. This as well as other potential
problems wilil be studied.




TABLE 1

TYPICAL ROOM TEMPERATURE PROPERTIES OF LPE LAYERS

Property Storage Layer Drive layer

. (EuTmY)3(FeGa)g0yp (GATmY)3(FeGa)50;,
Thickness, h(um) 0.83 0.43

_ Stripewidth, Ws(um) 0.89 _
Bubble Collapse field, H_(Oe) 322 _
Material Parameter, .£(um) 0.10 ~0.12
Saturation Magnetization, hﬂMs(G) 650 ~520
Quality factor, Q ~2.5 ~1.2




Purpose of Step

+ A. Spacer
B. Reflection Layer
C. Spacer
D. Adhesion Layer
E. Plating Base

F. Mask for Propgation

Patterns

G. Ion Implantation Mask

(Propagation Patterns)
H. Remove Plating Base
J. Ion Implantation

J. Anneal

TABLE II

Material Process

8105 Sputtering

Cr Evaporation
5105 Sputtering

Mo Sputtering

Au Sputtering
AZ~1350J

Au (BDT 510) Electroplating
Mo/Au Sputter etch

He*, Deuterium,

Oxygen
Optional

CONTIGUOUS DISK PROPAGATION PATTERN PROCESSING STEPS

Thickness
200
350
200

Lo

™0 O PO 0 PO

80

1.0-1.5 um

0.7 um

o
120 A
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Optical Investigation of Ion Implanted Garnet Epilayers

fb give a better understanding of stoichiometric and crystal field deviations
present with and without ion implantation, a spectroscopic study of rare e;rth
epilayers has been initiated. Optical examination of ion implanted layers doped
with 8 rare earth probe has not been previously tried by us or groups familiar to
us. Conventional absorption and reflection spectroscopy on such samples seems
likely to expand the understanding of the damage to the microscopic structure of
the epilayer. Preliminary investigations of gadolinium gallium garnet (GGG) sub-
strates and representative «pilayers have determined tentative sample parameters
(i.e. substrate and epilayer thickness) best suited to the optical measurements.
Design of a low temperature magnetoptical measurement system has been finished
with constructioﬁ of tﬁe system expected to be completed by mid-December, 1981.

To gain familiarity with the substrate and to ready the spectrophotometer, a
sample of pure GGG was tested.

The absorption spectrum of GGG illustrates some of the unique features of
rare earths in crystals (Figure 1). From the comparison of the energy levels of
gadolinium (Gd) in LaCl3 (Figure 2) with the energy levels of GGG (Figure 3), it
is obvious that the absorption pattern is due to the fine structure of Gd3+. Even
though the local crystal structure is quite different (dodecahedral (Dz) in GGG
and hexagonal (D6h) in Gd3+ doped LaCls) the fine structure levels remain approxi-

mately the same. The tightly bound 4f electrons are shielded from the crystal

| field by the Ss and Sp electrons in the Gds* (Figure 4) and exhibit basic atomic

transitions. The crystal field comes in as a small correction to the Hamiltonian
and gives s Stark splitting of the fine structure levels. At room temperature
this splitting is not resolved for GGG. In the case of Gd3+ doped LaCl, it is

known that the splitting is very small and borders on the resolution of our spec-

. trophotometer.
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The resolution difficulty, as well as the absence of absorption in the
visible and infrared, makes (3(130 a poor probe of local crystal fields. A pos-
sible rare earth prpbe is erbium (Er) having been successfully used by Ashurov
et al.l under similar circumstances. A small percentage doping of an epilayer
with Brs’ should allow the measurement of rare earth substitution (rare earths
other than Ers‘) into octahedral sites, Normally the Ers’ would go into a dode-
cahedral site and be surrounded by non-rare earth neighbors (i.e. Als’, Fes*,
Gas*) in the octahedral and tetrahedral sites (Figure 5). This predominant ab-
sorption is known as an N-center. However, if a rare earth is substituted into
an octahedral site, there is a distortiun in the regular arrangement of adjacent

3+ in the nearest

oxygen atoms. The local crystal field surrounding the Er
neighbor dodecahedral site is altered producing a shift of the absorption peak
from the N-center. This is known as a P-center.

Figure 6 shows some examples of P-centers in non-mixed garnets. The number
of P-centers varies depending on the symmetry of the distortion and the number
of adjacent dodecahedral Sites. In the garnets there are six nearest neighbor
dodecahedral sites to each octahedral site (Figure 7). In the completely non-
symnefric case a maximum of six P-centers is possible. Figure 6 has examples
with one, two, and three P-centers resolved. Using the number and relative in-
tegral intensity of P-satellite lines, the amount of rare earth substitution into
octahedral sites can be calculated giving the stoichiometric deviation of the
epiiayer of garnet. |

Four samples will be neéessary to do the experiment. The first sample must
be a carefully grown (and perhaps thinned) epilayer without any Er3+ as a probe.
A portion of this sample is then ion implanted, giving the second sample. The
third sample is a duplication of the first sample but with a small amount of
erbium present. Again, a portion of this third sample is implanted with the same

ion dose as the second sample, giving the fourth sample. The first and second
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samples will be references for the third and fourth samples.

Since the probe will constitute only a small fraction of the epilayer, back-
ground absorption must be kept to a minimum so that the spectrometer's sensitivity
can best be utilized. A substrate thickness of about 10 microns seems workable.
With a strong absorption beginning around 5000 Rngstroms, the Fé3+ in the epilayer
causes 3 major difficulty (Figure 8). To allow maximum flexibility and access to
most rare earth probe levels, going below 5000 Kngstroms is desirable.. Several
possibili;ies'exist for obtaining a thin epilayer - growing a thin layer, sputter
etching a thick layer - but the best way is not known. Presently a thinly grown
layer is being tested on a thinned substrate. Pushing below 500C Angstroms was
easily accomplished with the new sample; however, the limiting factor is now a
strong ultraviolet absorption (characteristic of the GGG substrate) beginning at
around 2300 Angstroms (Figure 9).

The spectra from the samples will be recorded with attention focused to the
N-center satellites. Ion implantation may induce a shift in P-center absorption‘
frequencies, a change in the number of resolved P-centers, an increase or de-
crease in relative intensity, or a new type of center (call it an I-center) associ-
ated with a damaged local environment. I-centers are a general class which may
run from a displaced oxygen atom to an unexpected implanted ion (i.e. H, He, Ne).
Through careful analysis the experiment will hopefully resolve many questions
concerning the satellite lines. Preliminary results from this experiment are
expécted in late January when the low temperatures of the magnetoptical system
become fu.iy available. With more data and a clearer understanding of the micro-
scopie nature of ion implanted epilayers, an attempt‘will be made to explain
macroscopic behavior (i.e. rotation of magnetization into the plane) in terms of

this new knowledge.

IM. K. H. Ashurov, Yu. K. Voranko, V. V. Osiko, A. A. Sobol, and M. I. Timoshechkin,
phys. stat. sol. (a) 42, 101 (1977).
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Secause of the larger effective nuclear charge.

Taken from Optical Spectes of Tomaspaceat
Rare Earth Campouads by S. Hifner.
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"MAGNETO-OPTIC MEASUREMENTS
OF THE EFFECTS OF CRYSTALLINE ANISOTROPY

IN ION-IMPLANTED LAYERS OF GARNETS"

J. J. Fernandez de Castro

M. H. Kryder

ABSTRACT

A magneto~optic photometer system was designed, constructed and used to
characterize in-plane magnetization in magnetic bubble memory devices. The
system was based on the Faraday magneto-optic effect. A model of the in-
plane driving layer was developed and used to explain the experimental re-
sults. Data were taken on the magnitude, orientation and symmetry of the
magneto-crystalline anisotropy for threefold symmetric (l111) films. The
experinental results were correlated with a theoretical model from which
computer solutions were obtained. The crystalline anisotropy counstant
(Kl) of 3150 ergs/cm3 was determined for the (lll) oriented film. Hys-
teresis loops with very low coercive force (Be < 5 Ce) were measured,
indicating that magnetic domain wall motion was responsible for the mag-
netization process when the in-plane field was applied inside the criti-

cal curve.

INTRODUCTION

Contiguous disk magnetic bubble devices typically have a Gadolinium
Gallium Garmet (GGG) substrate and one or two eiptaxial lavers of garmet
(1,2,3). After the growth of the epitaxial layers bv liquid phase o7:i-

taxy, a pattern of contiguous disks 1s deposited and the surface is ion-
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implanted, (see Fig. l). 1If che implanted layer has a negative =zagneco-~
striction constant, anisotropic stress caused by the icn-implantation
causes the magnetization to lie in the plane of the film in the ion-im-
planted layer. When an in-plane field ny is applied to the davice,
the in-plane magnetization of the driving layer creates magnetic charged
walls near the disks which attract and propagate the bubbles in the stor~
age layer (4,5). '

Lin et al. (2) used the coordinate system of Fig. 2 and a total
energy equation to describe the driving layer. This energy equation

for the (111) driving layer may be expressed as

1) E= Ku cosze + Ki sinze - Ms Ez sing - Ms ny cosé cos($H-¢)
+ 27 Msz sinze
| 4 4 3
- \Kll ()5 cos 8 + 1/3 sin 8 + (V2/3) cos’8 sin® cos3se]

‘There K, is the uniaxial anisotropy comstant, K; is the implgnta:ion in-
duced anisotropy constant, Kl is the crystalline anisotropy comnstant, M,
is the saturation magnetizatiom, H, is the bias field, ny is the in-plane
field, %y is the azimuthal angle of Exy and ¢ and 8 are the azimuthal and

inclination angles of the magnetization, respectively,

Shir and Lin et al., (5) assumed 8 counstant and then found the stable
directions of the magnetization in the plane of the film by minimizing the
total energy with respect to $(3E/3¢ = 0). Then to find the critical val-
uaes of the applied field at which the magnetization became unstable he
used 32E/3¢% = 0. The simultaneous solution of 3E/36 = 0 and 3°E/30® = O
leads to the ﬁollowing paramerric equations which describe the three-fold

‘symmetric critical curve shown in Fig. 3:
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) h, = H‘/H}L = - cosi: coso - L/3 sinls sinz

h = Hv/gkl = - cos3o sine + 1/3 sia3o cos >

Ex = ny cosdy

Hy = Hky sindy

Bl = (iKI{ 3 (2)Li / Ms) cosze sind

As Lin pointed out, the slope of a line from a point tangent to the critical

curve to the applied in-plane field gives the stable direction of the magne-

tization. Furthermore, it can be

shown that the distance from the point of

tangency to the field vectar corresponds to the magnitude of the effective

field for that direction of magnetization. Thus, the most energetically

favorable magnetization direction

has the largest vector.

However, Chang (7) demonstrated that 6 is not ¢ independent and, there~

fore, & can not be considered constant.

Figure 4 shows the graph which des-

cribes the relation & vs ¢ (applying Chang's procedure) for the film used in

the experiments described here.

The f£ilm parameters are presented in Table I.

SYSTEM DESCRIPTION

A special magneto-optic photometer system was designed and constructed

for the characterization of the in-plane magnetization.

This system is

based on the Faraday magneto-optic effect (8,9,10,11) which causes plane

polarized light to rocate by an amount proporticnal to the component of

magnetization in the direction of the light propagation as the light passes

through a sample.

.




o Sy

g =
- i g e 1o mpp— ~ % o oy e <ot s e 10 T 1

Figure 3 shows a simplified schematic block diagram of the magneto-
optic photometer system. Here, the light source for the microscope is a
laser. Due to the small dimensions of the magnetic features in the device,
the light beam was focused to a small spot (-5um). In order to obtaina this
small spot of light on the garmet film, an optical microscope and two ex-
ternal lenses were used. Two externmal mirrors and an X-Y micrometer stand
were used between the two lenses and the microscope to control the beam
direction. The optical microscope uses a Berek compensation prism to di-
rect the beam into the objective lens. The Berek compensation prism il-
luminates only one half of the objective lens, hence the light is incident
on ché sample at an angle to the normal. After the light beam has passed
into and been reflected from the magnetized film, it is analyzed with a
dichroic polarizer. This transforms the rotation of the plane polariza-
tion into a change in lighi intensity. This light intensity change is
detected by a photomultiplier (RCA~8644). The PMT transforms the change
in light intensity to an electrical signal which is filtered and ampli-
fied by the phase lock loop amplifier (PLLA). The output of the PLLA
tuned amplifier is observed with an oscilloscope while the PLLA output
after phase sensitive detection is recorded by the X-Y plotter.

The sample to be tested was placed on a holder which allows rota-
tion of the sample in its plane. Three orthogonal coils generated the
bias field 7H,) and the in-plane field in the X and Y directions (Hx’ H?).
A variable DC power supply (100 volts, 10 Amps) created the H, field
(- 850 Qe to + 850 Oe). Two phase locked signal generators.and a DC
coupled dual channel amplifier (300 Watts) created the Hy and Hy fields

(=200 Oe to +200 Oe).
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The signal detectad oy the PMT is linearly dependent on the rotation
of the polarization of the light (12,13). Since the rotation of :zhe polar-
ization of the light is small, the signal to noise ratio must be caraiully
considered. To optimize the signal to noise ratio it is critical that the
laser wavelength be appropriately chosen. 1In garmez films, both the mag-
neto~-optic coefficient describing the rotation of the plane of polarization
and the abgorption coefficient of the light are wavelength dependent (10).
Consider first the absorption coeffiéient, a. When the laser beam reaches
the garmet sample, some of the light is absorbed as it passes thrcugh the

film. The ratio of absorbed intensity (I) to incident intensity (IO) is;

3) I/I0 a ] - gm0t

where t is the light path in the £ilm and o is the absorption coefficient
for the film. Next considering the magneto-optic rotation, the Faraday -

rotation of the plane of polarizatiom is given by,
4) p=F tM

where ¢ is the light path in the £ilm, M is the magnetization compoment’
in the direction of the light propagation, o is the Faraday rotation angle
and T is the Faraday magneto-optic coefficient.

As pointed out by Mac Domnald ;t al., (10), the signal detected at the PMT

cathode is given by

5) AIL - IT 4 £ o9
where £ is the polarizer to analyzer angle measured from extinction and
I, is the photo~current in the PMT cathode.

T
.The two most important fundamental scurces of noise in the magneto-
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optic pnotomezer svstem (l4) are shot noise due =0 rthe 2lac:ron Suliizli-

cation and thermal anoise. These two contributions give a noise curren:t of:

= {2q8B +akTB/R}£“
Iy I

where q is the electron charge, B is the PMT bandwidth, k is Boltzmann's
constant, R is the PMT load and T is the PMT terperature. The signal to

noise ratio may then be expresgsed as, 3
2
8§12 @22 cleg2riel 21 -I

A
]

hchBnRPLe‘ﬂtx-l-ZKTthcz J

where ¢ and A are the speed and wavelength of the light. For this magnecto~
optic systam, the light beam of an Argon laser (4880 A°) was chosen and
used in the experiments since the signal to noise ratio is nearly optimum
for detecting the magnetization in the 0.4 um thick ion-implanted layer at

that wavelength.

DESCRIPTION AND DISCUSSION OF EXPERIMENTS

To ottain an increased understanding of the effects of crystalline
anisotropy in (lll) oriented films and to verify the models described
earlier, a number of experiments were performed on the available samples.
In this section these experiments and the data obtained will be presented
and discussed.

Figure 2 shows the cartesian coordinate system used. Here, the mag-
netization, the in—piane field and :h; light beam vector are all showm.
As before, 9 and ¢ are the inclination and azimuchal angles of the magne-
tization, respectively, while &, and ¢, are the inclination and azimuthal

angles of the light beam, respectively, and 3, is the azimuthul argle of
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the in-plane field. 1In general the applied in-plane field is of the form
ixy(dc) =H, HY + M+ LHY where H . and Hy are the DC components of the
field and aH, . and Aﬂy are the AC components of the field. For all the ex-
perimencs, the frequency used was 35 Hz. The inclination angle (5:) of
the light bYeam was equal to 70 degress and the azimuthal angle (3;) of the
light beam was equal to 90 degress (the Y axis). The characteristics for
the (lll) storage and driving layers are given in Table I. A bias field
(Hz) larger than the collapse field was used in all the experiments so
that the storage layer was saturated, eliminating unwanted signals from
bubble domains.

To determine the crystalline orientation of the (1l1) oriented film,
a rotating in-plane field of Exy = 120 ejmt Oe was applied to the sample.
The signal from the PMT was amplified by an amplifier tuned to the fre-
quency of the in-plane field and compared with the AC in-plane field 0H...
A phase difference between the in-plane field AE& and the PMT signal was
observed (see Fig. 6). It was found that, as the sample was rotated a-
round the Z axis (the light beam was incident in the Y-Z plane), the phase
difference between the PMT signal and the drive field 0Hy varied. For the
(111) film, this phase difference decreased to zero at three equally
spaced orientations of the sample relative to the Y axis.

To understand why the phase shift changes with the sample orientation,
it is necessary to realize that the Faraday magneto-optic rotation angle >
is a maxi—m when the magnetization compounent parallel or anti-parallel to
the direction of the light propagation is a maximum. Thus, zero phase dif-

ference 1s measured between the PMT signal and the drive field (¢Hy) when

the easy direction lies parallel with the y axis. This measurementc, however,

#
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dces not uniquely determine the easy direction unless it is known whether a
posicive Faradav rotation ¢ causes the light intensicy through the polarizer
/ analyzer pair to increase or decrease. This depends upon the relative
oriencation of the polarizer / analyzer pair. Indeed by rotating the anal-
vzer through extinction, the phase of the PMT signal is made to change by
180 degrees.

In order to determine whether the maximum signal occurred when the easy
direction was aligned with the +Y or -Y direction, the bubble stripe out
positions were located. This was done by reducing the bias field and slowly
rotating a small in-plane field, so bubbles which formed in the storage
layer striped out in three places around thé disk. As Lin et al. (15)
showed, these stripe out directions correspond to hard directions of aniso-
tropy as the charged wall extends far from the disk when the field is ap-
plied in a hard direction. For this experiment, it was found that when the
polarizer to analyzer angle was set at £ = +1.5 degrees from extinctionm,
the PMT signal was in phase with the ABY field signal when one easy direc-
tion lay in the ~-Y direction. On the other hand, when the polarizer to
analyzer angle was set at £ = -1.5 degrees from extinction, the PMT signal
wa; in phafe with the AHy field signal when an easy direction lay in the +Y
direction. ' |

The hysteresis loops of the driving layers were also measured and used
to determine the crystalline orientation and coercivity of the film. Here,
the in-plane field (see Fig. 7(a)) consisted of a DC component (Hy) and a
small amplitude (AEy = 10 Oe) AC component at 35 Hz. The DC compoment of
the field (By) was swept very slowly (0.01Hz) from +2Q0 Oe to =200 Oe and

back again to +200 Ce. Examples of the PLLA output are shown in Figs. 7(%)
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and 8(b). These signals which represented the slope or derivative of zhe
aysteresis loops can be integrared to obtain the actual nvsteresis loops.
Figures f(c) and 8(c¢) were obtained by graphically integracing Figs. 7(b)
and 8(b), respectively. As can be seen, the hysteresis loop in Fig. 7(¢)
is symmerric with respect o Hy, while the hysteresis loop in Fig. 8(q)

is not. The symmetric loop is obtained when a hard or easy diraction is
in the Hy axis because in those cases the critical curve is symmetric a-
bout the Hy axis (see Fig. 7(a)). In these experiments, as in those des-
cribed in Fig. 6, the easy direction can only be determined to modulo 180
degrees. The hysteresis loops also indicated chat the coercive force (E.)
is very small (<5 Oe) in these samples. This measured low coercivity in-
dicates that the samples switched by domain wall motion processes. If'
the samples had remained in a éingle domain state, the measured coercive
force should have been comparable to the anisotropy field and predictable
from the critical curve of Fig. 3. B

To de:e;mine the crystalline anisotropy constant (KI) and verify the

models developed by Shir (6) and Chang (7), another experiment was per-
formed. In this case, an in-plane field (see Fig. 9(a)) consisting of an
AC component (AHy) with an amplitude equal.to 40 Oe and a frequency of 35
H2 was.applicd. The sample was then rotated 10 deérees at a time and the
DC output from the PLLA, which correspouded to the amplitude of che signal
with the same phase and frequency as AEY was measured. Examples of these
data are shown in Fig. 9(b) for che (1ll) oriented film. Figure 9(b) in-
dicates that the threefold crystalline response is directly observable.
By comparing the sample orientation for maximum signal with the previously

determined hard axis directions, it was found that the maxima occurred

b e o ro— it e om
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when an easy direction of magnetization lav in the =Y direczicn.

To understand che respomse in Fig. 9(b), comsider Tig. l0J wnere Iou:
different sample orientations are presented with an in-plane field appliad
parallel and anti-parallel to the Y axis. As was explained defore, the
signal detected by the PMT is proportiomal to s, where 5 is the Faraday
rota:i&ﬁ angle. In general, the Faraday rotaticn angle may be expressed
as the sum of the rotation due to the magnetization component in the >lane
of the film (;i) and of the component of the rotation due to the magneci-
zation component perpendicular to the plane of the film (pP). Therefore,
the signal in the PMT is proportional to °i 4+ Pp-
10(a) is applied parallel to the Y axis, the signal in the PMT is propor-

When the field in Fig.

tional to o4 + °1p where °li(>0) is the rotation due to the magnetization
component in the +Y direction and Pip (>0) 1s the rotation due to the magne-
tization component in the +Z direction. When the field in Fig. 10(a) is ap-
plied anti-parallel to the Y axis, the signal im the PMT is proportional to

=055t where Py (<0) is the rotation due to the magnetization component
in the -Y direction and Pop is the rotation due to the magnetization couwpon-
ent in the +Z direction. (Since the bias field is always along +Z, the rota-
tions o
ents of magnetization may have either positive or negative signs). Now, the
AC component of the signal which is detected by the PMT and amplified by the

PLLA is found as the difference between those values or P14 + Py + P1p ~ °

Considering now Fig. 10(c), the PMT output signal due to the field ap-
plied parallel to the Y axis is proportiomal to oy + P9p while the signal in

the PMT due to the anti-paraliel field is proportiomal to -p + 0 and the

11 1P
PLLA output signal 1is proportional to o + 0 - 0,5 * Doy Comparing the
11 11 1P 2P

P are always positive, whereas the rotations pi due to in-plane compon-

2P

.
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PLLA output signal from Figs. 10(a) and (<), the resultant graph is a

curve with a maximum for the crystalline orientation in Fig. 10(a) and

a minimum for the ome in Fig. 10(c). The resultant curve has an ofisect

given by pli + QZi (the Faraday rotation due to the magnetization compon-

ent in the plane of the film) and an oscillatory component with a peak-to-

peak amplitude given by 2(91P°92P) (the Faraday rotation due to the magne-

tization compoment perpendicular to the plane of the film). Therefore,

the curve presented in Fig. 9(b) has an offset and an oscillatory peak-

to-peak amplitude with three maxima which represent the three easy direc-

tions (in the (l11) film) oriented parallel to the Y axis. It is worth-

while to note here that, as indicated in Fig. 4, the changes in the angle

of inclination 6 are of the order ot 2°. Yet, these small changes are

readily observable as the oscillations in Fig. 9(b) with the magneto-~

optic photometer.
An experiment, similar to the one explained above, was performed

with an in-plane. field conmsisting of an AC compoment (4Hy) with an amp-

litude equal to 40 Oe and a frequency of 35 Hz (see Fig. ll1(a)). Here

again, the sample was rotated 10 degrees at a time while the DC output

from the PLLA was recorded by the plotter. Examples of these data are

shown in Fig. 11(b) for the (1ll) oriented film. Figure 11(b) alsc in-
dicates that the threefold crystalline response is directly observable.
Here as before, the Faraday rotatcion angle may be expressed as the sum

of the component of the rotation due to the magnetization projection in-

plane (ci) and perpendicular to the plane (pp) of the film. However,

when the sainple is oriented as in Fig. 12(b), there is no Y~component

of the magnetization. Thus, the rotation for an applied field of
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" +iPx comes entirely from the Z-component of magnetization :BP; whereas Zor

-iHx, the rotation is proportional to Pup” Therefore, the signal decaczad
by the PLLA is °3p~Cup Considering now Fig. 12(d), the PMT outpuct signal
due to the field applied parallel to the X axis is proportiocmnal to fio
while the signal in the PMT due to the anti-parallel field is proportional
to °3p and the PLLA output signal is proportional to 2 3p + °up Comparing
the PLLA output signal from Figs. 12 (b) and (d), the resultant graph is a
curve with a positive maximum for the crystalline orientation in Fig. 12(b)
and a negative maximum for the crystalline orientation in Fig. 12(d). The
resultant curve has no offset level, but an oscillating component with a
peak to peak amplitude given by 2<°3P-°4P) (the Faraday rotation due to the
magnetization component perpendicular to the plane of the film). Therefore,
the curve presented in Fig. l1(b) has an oscillatory response with three
positive maxima which represent the three easy directions in the (1ll1) film
6riented parallel to the X axis.

Another experiment which was performed was to sweep one component of
the in-plane field [H, or Hy] very slowly (0.0l Hz) from -200 Qe to +200 Oe
while an oscillating in-plane field [AHy or ABx] of 10 Oe amplitude and 35
Hz frequency was applied to the sample (see Figs. 13 and 14). The DC output
of the PLLA, which corresponded %o the amplitude of the signal with the same
phase and frequency as the in-plane field [AHY or Aﬂxl was measured. Exam-
ples of che data are shown in Figs. 15 (a) and (b) for the in-plame fields
and crystalline orientations of Figs. 13 and 14, respectively. To under-
stand the responses in Figs. 15 (a) and (b), counsider first Fig. 13 where
seven values for the DC component »f the apvlied in-plane field are pre-

sented. As was explained earlier, the signal detected by the PMT is oro-

portional to the difference between the polarization rotations caused dv
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the magnetization components due zo the positive and negative values oI the
oscillating in-plane field [2H,!. When the in-plane field H,. is applied
outside the critical curve (see Fig. 13(a)), the components of the magneci-
zation in the direction of the light beam propagation due to the positive
and negative values of the in-plane field [Aﬂy] are very nearly equal, so
the difference between the two rotatioms is very small (see fax{ > '315 in
ig. 15(a)). 'Furcthermore, when |Hy| decreases from {200 Oe! to }HI? (see
Fig. 13 (b) and (d)), the difference between the two rotations increases
in magnitude since the difference between the components of the magnetiza-
tion due to the positive and negative values of the in-plane field (A&Hy]
increases. When Fig. 13(c) is comsidered and Hy has a value between +H,
and -EI, the signal detected by the PLLA decreases again. To understand
this behavior, let us assume, as before, that oy and po are the polariza-~
tion rotations due to the magnetization components in~plane and perpen-
dicular to the plane of the film. As the in-plane field Aﬂy is oscilla-
tory, the PLLA signal is proportiomal to the difference between the rota-
tion at the positive AHY and the rotation at the negative AHy. Therefore,
when Ex is close to +§1 or -Hl, the rotational difference may be expressed
as cjg = 94, * Ppg = Ppy (see Figs. 13 (e) and (f)). However, when Hy is
close to the origin, the rotational difference is expressed as ¢;, + Syt
925 = P33 (see Fig. 13(c)). Knowing that the perpendicular component of M

is greatest near an easy direction, it can be seen im Fig. 13 that 2,, - ‘i1

>0, 0 >0, 955+ 243> 0 and p,,-p,, < 0. Therefore, j5=~j) + o 4=%,;

2¢7%s1
can be larger tham ©;, 0,4 , p27Pp3 (this, in faet, is confirmed bv compu~
ter calculations described in the next section). The amplitude near the ori-

gin in Fig. 15(a) is, therefore, smaller than the amplicude near +Hl ar -4, .
. 'S
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Simiiarlv, Sor the experiment in Fig. 14, the PLLA amplitude is small
when Hy is large. In Fig. 14, when Hy passes through the origin, the PLLa
signal oscillates near zero amplitude (see Fig 153(b)). For Hvy larger cthan
+H1, the rotational difference can be expressed as :ia-ci5+cP4-c?5, where

z., =2 > 0 and P24025 < 0 (see Fig. l14(b)). For some value af Hy less

-—e) wa=m

is4
than +al, positive AH, causes pg as shown in Fig. l4(e), and the rotational

; = . . - + -~ - -ty
difference is given by : g~C,;q+ 3587Ppg? whera o 49,4 < 0 and 02,5954 < 0.

-

Therefore, there must be a sign change in the rotational difference due €O
the in-plane magnetizationm. The result is that the PLLA signal changes
sign too (this was also verified by computer calculations).

As HY nears the origin (see Fig. 14(e)), the magnetization present
for positive AHyx is closer to an easy direction than the magnetization

for the negative AH, and, hence, Pp6~"p7 >0, vyg™0y7 < 0 for +Hy and

Si™°y7 > O for -Ey in Fig. l4(c), where the PLLA signal is proportional

€0 £,5 %57 *PpgPp7" However, since o, . and o4, are very close to the
easy directiom, as can be seen in Fig. 14(e), Pog p7 and Ppe~Pp7 is
almost zerc and can be neglected. Therefore, the rotational &ifference
due to the in-plane compoment of the magnetization changes sign as Hy
sweeps through the origin and the PLLA ;ignal thanges sign again. Due
to the symmetry of the experiment, the PLLA output signal becomes an odd
fupction for which AMPLITUDE(+ Hy) = -AMPLITUDE(~ Hy), as is showmn in

Fig. 15(b).

THEORY AND DISCUSSION

A numcrical analysis was used to verify the accuracy of the proposed

model and to provide an experimental measure of the magneto-crystalline
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anisoctropyv conscant (Kl)‘ In this analysis, a computer was usaed :o calcu-
late zhe magnetization direction (3 and 3), the components of mnaguertization
in the direction of the light beam propagation, the Faraday rotation, the
signals in the PLLA and PMT and the least squares fit to the axperimental

data. Here, theoretical graphs were obtained by solving 3E/5: = 0 and

“ws

E/38 = 0 simultaneously and calculating the total Faraday rotation caused
by the magnetizatiom acting ou the light beam. As noted by Lim et al. (5),
when the in-plane field (ny) is inside the critcical curve, chere are three
possible stable directions for the magnetization in the (lIl) oriented
films. BHowever, due to the low coercive force of the sample, here the mag-
netization switched into the ome direction having the lowest energy.

To calculate the changes in the intensity of the detected light beam,
the total Faraday magneto-optic rotatiom is calculated as the sum of the
Faraday rotation of the incident and reflected light beams, (see Fig. 2).
This Faraday rotation is proportional to the projections of the magneti-
zation M. amd &R in the direction of the incident and reflected light beam,
respectively. By substituting the magnetization component in the light
beam propagation direction'into Eq. 4 and counsidering that the light beam

travels from air to the driving layer and vice versa, one may find:
-1 .

v = 1

8) “R tan {can(Ft(sin¢ coss sing cos¢, + sing sineL)ITN/T?,

9) M, - -tan-l{tan[F:(-sina cosd sin¢L cos®, + sin¢ sine,)]Tu/T“}

Where 8 and ¢ are the inclination and azimuthal angles of the magnetiza-
tion (see Fig. 2), eL and aL are the inclination and azimuthal angles of
the light beam, F is the Faraday magneto-optic coefficient, t is the light

path length in the driving layer and 1?,\J and I? are the normal and in-plane




transmicted components of the light beam (16). Those transmitted zoef-

iciencs may be 2xXpressed as,

(&A1)

10) Ty = ny cosd, / {no cosé, + n; cos?,

11) T, = ng cosd / [no cos8; + o, coseo]

Where B4 and n, are the refractive indices in air and in the driving laver
(no = | and a, = 2.368) (17,18), 30 and 8, are the light beam angles with
respect to the normal to the film plane in air and in the driving laver

and may be obtained by using Snell's law as;

-1
12) ) 91 = gin [nO/nlsineol

Go = 90 - GL

It must be pointed out that more than one reflection is not considered be-
cause absorption in the garnet film makes multiply reflectad beams very
small in intensity. This absorption was earlier discussed and Eq. 3 gave
the ratio of absorbed to incident intensity. BHere a = lo-acm-l.

When an oscillating AC in-plane field as in Fig. 9(a) is applied to
the sample, the signal detacted by the PLLA is proportional to the differ-
ence between the total Faraday rotations when the oscillating field has

its positive and negative values, (see Fig. 9(a)). The solution for the

signal detected by the PLLA may then be expressed as,

Where MRP and MQN are the magnetization components parallel to che re~
flected light beam when the AC field has its maximum positive and nega-
tive values, respectively, and they are calculated using Eq. 8. Simi-

larly, MI? and MIN are the magnetization components parallel to the
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incident light beam when the AC field has its maxizum positive and nega-

tive values, respectively, and they are calculated using Ig. 9. These

theoretical predictions of the signal recorded by the plotter are shown
in Figs. 9(b) and 11(b) along with the experimental data for the two
respective experiments.

A least squares fit to the data of Fig. 9(b) yielded K, = 3500 erg/

cmz, while a least squares fit to the data in Fig. 11(b) yielded K1 =

2900 erg/cms. A least squares fit to both sets of data simultaneously

yielded Kl = 3150 erg/cm3 with a standard deviation of 250 erg/cm3 (8%) .
Thus, the theoretical results fit the experimental data quite well,

yielding a measured value of KI in the ion-~implanted layer with better

than 10%Z acguracy.
The numerical results presented above took into account only the

effeccs of the driving layer onm the PMT signal; however, some signal may,

in theory, also be created by the storage layer. Ia order to determine

how big the signals from the storage layer were, 3E/3¢ = 0 and 3E/36 = 0
were solved simultaneouysly for the case when the implanted anisotropy
constant (Ki) was equal to zero. The resultant PMI signals were projec=-
ted to be 100 times less than those from the driving layer. The reason
for :he.small effect of the storage layer is that the uniaxial aniso-

tropy constant (Ku) is so large that the small in-plane fields used in
these experiments had only a small effect on the magnetization. Thus,
it appears well justified that the effects of the storage layer on the
sigrnals can be ignored.

For additional verification of the value of Kl which was determined

from ficting the data in Figs. 9(b) and 1l1(b) and to further verifv zhe
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validity of zhe model used, the same metnod of analysis was used to fit
the data in Fig. l5. The numerical results are shown as dots in Fig. 13,
whereas the solid curve is the experimental data recorded on the X-Y re-
corder. The value of K; used to generate the dots was that determined

| above (K1 = 3150 erg/em3). As may be seen in Fig. 15, the fic of the
numerical results to the experimental data is quite good aven near Hx = 0
where the curves havg a peculiar shape due to switching of the stable

magnetization directions.

!

!

\

l

% SUMMARY AND CONCLUSION

5 In this research (19), a magneto-optic photometer system based on

‘ the Faraday magneto-optic effect was built for detecting in-plane magne-
tization. The system used a laser as the light source for an optical
polarized light microscope. The light beam reflected from the magnetized
sample was plane polarized but in a direction slightly away from the di;
rection in the incident light beam because o. the Faraday magneto-optic

i effect. A dichroic polarizer (the analyzer) transformed the change in
polarization direction to intensity changes which were detected and con-
verted to an electrical signal by the photo-multiplier, (PMI). The e-
lectrical signal from the PMT was filtered and amplified by the phase
lock loop amplifier (PLLA) in order to improve the signal to noise ratio.

Experimental data were collected om the coercivity and the magnetic

anisotropy of :h; in-plane layers of (ll11) oriented films. 4 low coercive
force (Ec < 5 Qe) in the hysteresis loops was measured, indicating that
magnetic domain wall motion was responsible for the magnetization process
when the in-plane field was applied inside the critical curve. The mag-

netic anisotrcpy data from the in-plane layers of (lll) films clearly

i

- e o
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showed threefold anisotropy symmetry. Theoretical models were developed

to describe the anisotropy and shown to be in good agreement with the

axperimental results. It was found that although the angle of iaclina-

tion of the magnetization out of the plane of the ion-implanted layer

varied bv only 2°, that this effect could be measured and shown tc have

a significant influence on the data. The crystallire anisccrooy con-
stant was determined to be 3150 erg/cm”® = 250 erg/cm3 by fitting the
theoretical curves to the experimental data. This value is well wichin

the range of expected values.
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Fig. 1.

Fig. 2

Fig. 3

Fig. &

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig.
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FIGURE CAPTIONS
Cross-section of an ion~implanted contiguous disk device
Coordinate system used to describe the magnetic film

The three-fold critical curve for the magnetization in the

ion-implanted layer

The angle of inclination 8 as a function of azimuthal angle

¢ defined from a (112) directiom.
A block diagram of the magneto-optic photometer system

An oscillogram showing the phase difference between the PMT

signal and the in-plane field AHy

(a) The critical curve and the applied fields used to sweep
out the differentiated hysteresis loop showm in (b). (c) The

hysteresis loop obtained by integration of (b).

'(a) The critical curve and the applied fields used to sweep
out the differentiated hysteresis loop shown in (b). (c) The

hysteresis loop obtained by integratiom of (b).

(a) The applied fields used to obtain the data in (b) as the
sample was rotated relative to the light beam and applied
fields.

The critical curve, applied field, and resulting magnetizatiom

directions which produce the data in Fig. 9b.
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Fig. 11

Flg. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16

(a) The applied fields used to obtain the data in (b) as the
sample was rotated relative to the light beam and applied

fields.

The critical curve, applied field, and resulting magnetization
directions which produce the data in Fig. 1lb.

The critical curve, applied field, and resulting magnetization
directions which produce the data in Fig. 15

The critical curve, applied field, and resulting magnetization

directions which produce the data in Fig. 16

The amplitude of the sinusoidal magneto~optic signal produced

by the applied fields in Fig. 13 as 2 function of Bx.

The amplitude of the sinusoidal magneto-optic signal produced

by the applied fields in Fig. 14 as a function of Hy'
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PARAMETER

FILM THICKNESS

FILM
COMPOSITION

SATURATION:
MAGNETIZATION
(4Ms)

IMPLANTED ANISOTROPY
ANISOTROPY
CONSTANT (Ki)

UNTAXIAL
ANISOTROPY
CONSTANT (Ku)

COLLAPSE
FIELD

- N - A e b —pey e

TABLE I

(111) DRIVING
LAYER

0.4 um

Gd Tm Y Ga Fe
GARNET

585 Gauss

-30,000 ergs/cm

+ 14,500 ergs/cm3

N.A.

1) WA e R h S s

(1.1) STORAGE
LAYER

1.0 um

Eu Tm Y Ga Fe
GARNET

650 Gauss

Not Measured
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STRAIN PROFILES IN ION IMPLANTED BUBBLE DEVICES INVESTIGATED

BY TRANSMISSION ELECTRON DIFFRACTION

T. Omi, C. L. Bauer, and M. H. Kryder®
Carnegie-Mellon University, Pittsburgh PA 15213
ABSTRACT

Selected area electron diffraction has been used to obtain strain profiles around
unimplanted disks in thin (<2000%) films of (11}) oriented garnets. Measurements of in-
plane Iattice constant were made as a funcuon of position in (SmYGdTm!} 3
G‘o.f§°4.62°12 films implanted with oxygen (120 keV. 1x10'4/cm?) and helium (80 keV,
4x10°°/cm*). In most cases the data show 8 relaxation of siress normal 1o and pear to
the implanted boundary. These results are consisien! with models suggesting that stress
relaxation normal to an implanted boundary is critical to the formation of charged walls

In addition, effects of the non-uniform stre:s field on the local anisotropy in the
underlying bubble layer of an ion implaated contiguous disk device are conmsidered. It s
shown that under the edge of an implanted region, there is a tensile stress perpeadicular
lo the film plane which reduces the perpendicu!ar anisotropy, causing reduced bubble-
nucleation thresholds in bubble materials with large negative values of Ay,

PACS numbers:  61.14 -x, 61.80.Jh, 81.40.Rs, 85.70Ge

INTRODUCTION

Contiguous disk bubble devices employ ion implantation to
create planar stress induced anisotropy in magnetic garnet thin films
(1). The implantstion is done through a photolithographically defined
mask, and charged walls (2) appear in the implanted region near
boundaries between implanted and unimplanted areas. There have been
8 significant number of experimental studies of the strains introduced
by uniform implants; however, there has previously been no
experimental work reported which provides information on the
localized strains introduced at patiern boundsries. Recently, Hidaka
and Matsutera (3), Backerrs et al. (4), and Hubert (5) have
suggested that there should be 8 localized stress relaxation near 1o
and normal to the boundary, leading 1o the localized uniaxial
anisotropy necessary to form the charged walls.

In this paper measurements of the local lattict strains near
boundaries between implanied and unimplanted areas of garnets by
sclected area electron diffraction are described. These measurements
provide experimental confirmation of localized stress relaxalion near
the boundary edges predicted by the above researchers. It is also
shown that the stress field from the boundary is expected to cause
lower bubble nucleation thresho'ds and bigher gradient drive field
requirements to pull a bubble from the boundsry.

SAMPLE PREPARATION AND DIFFRACTION
MEASUREMENT TECHNIQUES

Filins of (SmYGdTm)3 Gsg 4Fey 60;9 Were epitaxislly grown
on 0.5mm thick gadolinium gallium garnel substrales. A pattern of
8ym diameter disks on 16ym centers in a square latlice was then
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defined in AZ 13501 photoresist. The wafer was next implanted at
120keV with 1x1014 oxygen/cm? and at 80 keV with ax10!3
heh‘um/cmz. This implant is designed lo produce a relatively uniform
implant to a depth of about 3000X. s fter implantation, the
photoresist was removed from the garnet and the wafer was diced
into chips. Individual chips were ihen bondeu to 2 polishing block
and the substrate was thinned by grinding with grit of decreasing
particle size (25ym down to 3um). After thinning to approximately
60um thickness, the chips were cut inlo 3mm diameler disks and
polished. The polished disks which were about 30um thickpess were
removed from the polishing block and ion milled from the substrate
face using an Ar beam at 6kV acceleration with the gun current
ranging from 0.1 1o 0.3mA.  Successfully thinned su}ples had
regions measuring 10-40pm with thicknesses less than 3000A.

A transmission electron microscope (JEM-100C) which operated
st an accelerating voltage of 120kv was used to detect ummplanted
discs in the garnet and measure inplane latlice conslants across the
unimplanted disk edge, by selected area diffraction (SAD). A Siemens
recording micropbolomeler was used in measurement of photographed
SAD patlerns.

EXPERIMENTAL RESULTS

Figure ! shows an example of a SAD patiern as well a5 2
TEM image of an unimplanted disk. A SAD aperture, which yields a
diffracung area of 0.7ym diameter, was used throughout this
research

In 2 preliminary study, 1008 of Au was deposited on some of
the ion-milled garnet foils in order to calibrate the resultant SAD
patterns and thereby increase the precision of measured interplanar
spacing and lattice constant. The lattice constant of garnet, at the
center of the unimplanted discs (cf.Fig. 1), invariably was found to
be 12.4330.01&2, a value somehwat greater than those of usual
garnet. This larger value may be due to stress introduced by
deposition of the Au(6) onto the thin garnet film. In subsequent
measurements Au was not deposiled and the lattice strain was
referenced to the lattice parameter in the unimplanted disks.

Figure 2 shows in-plane strain as 8 function of position along
three directions which run through the center of the unimplanted
disks. The lattice constant at each position had been measured for
diffraction spots which were aligned at or nearly normal to the disk
edge. Unceriginty in the measurement, which depends on the spot
sizes, was to within Aa/a =. % 0.06%.

The three thick solid curves in Fig. 2 were measured for a
disk which was located in a region of relatively uniform thickness.
Each of the curves show a peak in strain at or pear the disk edge
and & shallow negative strain inside. The strain in. areas far outside
the disk is approximately cobstant at +0.25%0.1% although stress
fields from adjacent disks are seen to affect the measurements
outside 8 disk to some extent. The remaining curves show data taken
on a variety of other disks on films of various thicknesses, some
with significant thickness gradients and some with large holes formed
during the ion-milling process near to or intersecting with the edge
of the disk. Film thicknesses are esumated 1o be less than 0.2um,
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which is less than the implanted depth.
DISCUSSION

The data in Fig. 2 provide experimental evidence of the stress
relief predicted in the models proposed by Hidaka and Matsutera (3);
Backerra et al. (4) and Hubert (5). These workers pointed out that,
for a film on a thick substrate, there is no relaxation paraliel to the
boundary (the y-direction in Fig. 3), but that there is an elastic
relaxation bormal to the boundary causing the implanied region lo
expand and the unimplanted region to contract.

Although the films examined in this study had the subsirate
removed, thereby allowing stress relief in all directions, the data in
Fig. 2 indicate that significant stress relaxation normal to and near
to the boundary does occur in qualitative agreement with the above
models. Figure 3 shows a model for the stress relaxation expected
in films with no substrate. In Fig. 3a, a schematic cross-sectional
diagram of the cubic latlice near the interface between the
unimplanted and impianted areas is shown. In the far left hand edge
of the diagram the lsttice constant is uniform and equal to that of
ap unimplanied garpet film, while on the far right the latlice
constant is also uniform, but equal! to that of a uniformly implanted
film. The area of interest is the transition region between the two
uniform areas.

To understand why the strains indicated in Fig. 3a occur,
consider the stresses on unit cells pear to the boundary between the
unimplanted and implanted areas. Figure 3b shows the cells and their
distortions. The cell on the left lies in the unimplanted area and
without any addilional stresses would be cubic with a lattice constant
smaller than that of neighboring implanied cells on the right. Due to
bonding of the unimplanted cells to larger implanted cells, both the
unimplanted and implanted cells feel siresses causing them to distort
The unimplanted cells feel tensile stresses in the y and z directions,
causing the lattice constant 8, measured along x, the normal to the
implanted boundary, to contract. Similarly, the implanted cells feel
compressive stresses in y and 2z, causing the lstlice constant measured
normal to the implanted boundary to expand. A measurement of
strain perpendicular (o the boundary between unimplanted and
implanted areas is thus expected to exhibit a minimum on the
unimplanted side near the boundary and a maximum on the implanted
side near the boundary as shown qualitatively in Fig. 3c.

The majority of data in Fig. 2 show evidence of minima and
maxima in the strain normal to the boundary like that in Fig. 3c. In
certain cases, bowever, the minima and/or maxima are not detected.
It is possible that failure to detect the peaks in those cases is due to
experimental difficulties, such as the fact that in very thin films the
relaxation might occur over a very short distance, making it possible
that the peaks in strain were located between positions where data
points were taken. Alternatively, if the minima and maxima in strain
are in fact absent, then ome must conclude that the implantation
induced stress is graded across the boundary in such a fashion that
the tetragonal distortion indicated in Fig. 3 does mot occur. This
could be the case in samples which have an implantation mask
profile which is chamfered at the edge and suggests that the charged




wall struclure may depend critically on the implantation profile
pormal to the boundary. Relaxation of the peaks in strain at the
boundary could also occur as a result of annealing. Diffusion of the
defect structure introduced by implantation and responsible for the
stress would be promoted by the non-uniform stress fields existing at
the boundary.

The nob-uniform stresses at the boundary between implanied
and unimplanted areas can be expecled not only to produce
significant magnetic asnisolropies in the implanted layer, but also in
the underlying bubble layer. To estimate the stress induced
anisotropies in the bubble layer, we make use of an analysis of stress
fields from patterned metal films performed by Dishman et al. (7).
Although contiguous disk devices use curved boundaries, we simplify
tbe analysis by assuming a straight boundary as in Fig. 4. This
approximatiop is reasonable when the radius of curvature R of the
boundary is large compared to the implanted film thickness t, which
is typically fulfilled in practical devices. (With 1ym bubbles, R=
4pym and 1=0.4pym.) We approximate the stresses from the implanted
layer by a line force s = -o,,t acting at the surface of a semi-
infinite solid, where -o,, is the compressive stress in the implanted
region. We assume that the line force exists a distance t/2 above the
surface of the bubble material and that the space between the line
force and the bubble Iayer has elastic constants equal to those of the
bubble material.

To oblain a value for o,, We use data from Fig. 2 and
oyx * Ye,,/(1-2v) where Y is Young's modulus and v is Poisson's
ratio. Choosing e,, 0.5% as a typical value in the uniformly
implanted region far from the disk edge im Fig. 2, and wusing
Y+2x1012 dyne/cm? and v=0.32 we find 0“=2.8x1010 dyne/cm?,

Taking the origin of coordinastes st the point of application of
the line force, the longitudinal stress in the z direction perpendicular
to the film is given by (7)

og * -2s x 22/n(x2ey?)2 (1)
which has a maximum value of
a,(max) = -95/8 3s2 2)

when x = z/ 3. This stress componen! gives rise 10 an anisotropic
epergy density which when added to the growth induced anmisotropy of
the film produces a total perpendicular anisolropy energy density

Eg; = Kysin?8+1.5 )}, 0,sin20 3)
where & is the polar angle defined from the z-axis. In the region
x>0 under the implanted layer o, is posilive. Since Xj;; is typically
negative, the stresses from the boundary reduce the effective
perpendicular anisotropy of the garnel.

Table 1 compares 1.5 Ay, o, With K, for two garnets used
in 1ym bubdble ion implanted devices. Values are given both atl the
top (z=-1/2) and bottom (2z=-b-1/2) surfaces of the bubble layer
which is bh*0.8ym thick and which has an implanted layer 1=0.4 ym
thick on its surface. The SmGATmYGa garnel, which is useful as a
single layer ion implantable material, bas high magnetostriction
M * -3.5x10%) and moderate K, The EvTmYGa garnet, which
has been used in double layer contliguous disk devices, has lower
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magnetostriction (Ayy; = -1.8x106) and higher K. It is seen that
1.501110,, is comparable to K, in the SmGdTmYGa garnet, but
significantly less than K, in the EuTmYGa garnet.

Since the net perpendicular anisotropy near an implanted
boundary in SmGdTmYGas garnet films is much less than in
EuTmYGa garnet films, the nucleation threshold for bubble domains
is considerably lower when using the SmGdTmYGs garnet malterial.
With identical nucleator designs current requirements for nucleation
in SmGdTmYGa films is about onc-half the current requirement in
EuTmYGa malerials.

The reduced perpendicular anisotropy at the implanted boundary
edge also gives rise to a polential energy minimum for domain walls
there. Thus the force necessary i pull a bubble domain from a
boundary edge should depend linearly on the magnelostriction
constants of the bubble material. One would expect, therefore, that
devices using high magnetostriction materials would require higher
transfer gate currents than devices using low magnetostriction
malerials.

CONCLUSIONS

Mecasurements of strain perpendicular 1o the edge of implanted
boundaries in garnet films indicate that in most cases there is siress
relaxation normal to the boundary. These data are in agreement with
the predictions of researchers (3,4.5) who have indicated that such
stress relaxation is critical for the formation of charged walls. In
some cases the data do not show the expected strains. Although
experimental difficulties may have prevented their measurement, it is
also possible that the stress profile normal to the boundary is graded
over a sufficiently large distance that the predicted relaxation does
rot occur. This could arise whep the implantation profile normal to
the boundary is graded, due to a chamfered mask edge, or when the
non-uniform stresses at the boundary are anncaled out.

Consideration of the stress induced anisotropy arising from an
implanied boundary led to the conclusion that bubble layers with high
negative magnetostriction constanls can be expected lo have low
bubble nucleation thresholds and to require large field gradients to
pull a bubble from an implanted boundary.
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TABLE 1

Figure 1. Transmission electron micrograph of the (circular) un-
implanted region of (111) garnet, measuring about 8um
in diameter, and typical selected-area electron diffraction
pattern.

Figure 2. Fractional varistion of lattice parameter (Aa/a) as a
function of distance x along (a) [112], (b) [110] and (¢)
45° from [110]. Solid (o), dashed ( ) and dotted (&)
curves denote results obtained from different specimens and
the solid (horizontal) bars denote position of circular masks
which shield the underlying material from implantation.

Figure 3. (a) Schematic representation of lattice distortions expected
near the boundary separating unimplanted and implanted
garnel. (b) Tetragonal distortion of cells in the unimplanted
material. (¢) Expected strain profile normal to the boundary
plane. ’

Figure 4. A model for calculating the stress field as a function of
distance from the implanted boundary.




A Py gl Y e P < e ey

FIG.




————it ¢ e st o it e

Aa/a

‘i e —— @ - s e e A e ae ¢

5 10 15 20 25
-o0.sL (c) x{um)

FIG. 2




——

L rmppp— A " s ey i

! NIMPLANTED REGION

T DA,

[ &
[

IMPLANTED REGION

(o)
4/ 11 /i
! |
Vy yr .
/ /
e *
(£ 3]
2
E 3
qQ /\_____
| - —
{e)
FIG. 3

e

ey




_’.‘ . ——_ R Y e s g e o

[V,

XIAL FILM

FIG, L

£ :":;
""[ AI"”’”

.




N e

e T N v ey g vy . T AR AR e P it © s

THE INFLUENCE OF STRESS RELAXATION ON CHARGED WALLS IN A
100 ORIENTED GARNET FiLM

D. A. Saunders and M. H. Kryder®:?
ABSTRACT

Planar domain configurations in a (100) garnet film [1] are explained in terms of
inverse magnetostrictive anjsotropies present at boundaries between implanted and
unimplanted regions of the fiim. Stress relief at such boundaries has been cited as
an important factor in the formation of charged walls in {(111) films [2].[3),[4]). The
domains seen in this (100) film illustrate dramatically the effect of this stress relief.
The stress is modeled as a uniaxial stress along the boundary which gives rise to
uniaxial anisotropies along the boundary. Because Xmo and x111 are of different
sign, the easy axis of magnetization is found to alternate perpendicular to and
parallel to the boundary around an implanted disk. It is conjectured that (100} fiims
with )1 end xm of the same sign may successfully support charged walls

suitable for bubble propagation.

INTRODUCTION

in a paper presented at the 1980 Intermag Confernce [1], we described the
formation of charged wails in a (100) garnet fitm with planar magnetization. The film
was investigated with the interest that (100)-oriented films might be used in ion-
implanted contiguous-disk bubble devices. However, the planar domains and
associated charged walls seen around ion-implanted patterns in this (100) film were
uniike those typicaly seen in (111)-oriented drive layers. Recent investigations
[2).[31.[4] of the influence of the stress at boundaries between implanted and
unimplanted regions of a drive layer have pointed to the reason for this difference.

Hidaks and Matsutera [2]; Backerra, De Roode, and Enz [3], and Hubert[4] have
suggested that magnetic snisotropies are present at pattern boundaries due to the
snisotropic relief of stress at these boundaries. Away from the boundaries,
compressive stress due to ion-implantation is relieved by lattice expansion only
perpendicular to the film. At the implanted/unimplianted boundaries, there is additional
stress relief normal to the boundary - the expansion perpendicular to the film aliows
the lattice near the boundary to stretch normal to the boundary [2] and there is
mutusl relief of the tensile stress of the unimplanted region and the compressive
stress of the implanted region [3]. However, there is no relief for stress psrallel to
the boundsry. Indeed, the stress may be increased by the implanted region trying to
expand while the unimplanted region trys to contract, each pulling on the other.
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EXPERIMENTAL

The (100} film was Sm 16 1‘:MC Geos e,s0,, 9rown on a samarium-gallium-
garnet substrate. Its characteristics were as follows: xw = 8.7x10°6, x‘ - -6.6x10~
6 4rM = 550G, 2K /M = -5000G (as-grown), 2K /M = -280G, thickness 1um. In this
film with planar magnetization and positive xwo contiguous-disk patterns were
created by ion-implantation of the patterns themselves with two dosages of 2x10'%

He*/em? at 240 KeV and 120KeV.

Typical domain patterns seen by modified Bitter technique [8) around implanted
patterns after a.c. demagnetization are shown in Figs 1a and 1b with the
magnetization directions indicated by arrows. Because of the negative crystalline
anisotropy and the large planar anisotropy, the domain magnetization directions are
approximately along the <110> crystalline axes. As can be seen in Fig. 1, the
magnetization actuaily seems to flow into and out of the implanted patterns, creating
magnetic charge at the boundaries - a magnetostatically unfavorable configuration.
These observations can be explained by the variation in the stress-induced anisotropy
at the boundaries.

THEORY

in analysis, we adopt a simple model where the stress, ¢, iS a8 uniaxial tension
{compression being negative tension) parallel to the boundary and in the film plane.
Choosing the crystalline s8xis as the coordinate syster.. with the [001] axis
perpendicular to the film, the inverse magnetostrictive energy expression [5]
becomes

= -(30/8)sin {2)\100 (A1 00* 111)cos[2(¢’-h)] ‘

- {1
*+(A 00~ nl)cos[2(¢ L)+hy]}
where

is the polar angle of the magnetization from the {001] axis

¢ is the in-plane angle of the magnetization from the [100] axis (Fig.
2

y is the in-plane angle of the uniaxial stress from the [100] axis, i.e.

the angle of the boundary (Fig. 2)

The first term is a uniaxial anisotropy perpendicular to the film. The second term is
a8 uniaxial anisotropy paraliel to the boundary. The third term is 8 uniaxial anisotropy
st an angle of 4y with respect to the boundary. Therefore, around an implanted disk,
the third term causes the stress-induced anisotropy to vary with fourfold symmetry.
For boundsries parallel with <100> axes,

4y = 2n» n = integer (2)

Thus, the energy expression becomes (ignoring the first term)
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= - in2 -
E TS0 | oSin fcos 2(g-y) {3)

For the experimental film, ¢ is positive and xwo is positive, so that expression (3)
represents an anisotropy with an easy axis paraliel to the boundary. For boundaries
paraliel with (110> axes,

4y = (2n+1)r n = integer (4)

Expression (1) becomes, in these cases,
E = -780), sinZfcos2ip-y) (5)

Expression (5} is of the same form as (3); however, x”’ is negative and hence
expression (5) represents an snisotropy with an easy axis perpendicular to the
boundary. Therefore, around an implanted disk, the easy magnetization axis is found
to be alternately paralle!l and then perpendicuiar to the disk edge, as shown in Fig.

1c.

DISCUSSION

The effects of the stress-induced anisotropies shown in Fig. i1c can be clearly seen
in the domain configuration of Fig. 1b. The stress-induced easy magnetization
directions perpendicular to the pattern edge (the <110} directions) correspond to the
easy directions in the bulk of the film. Consequently, the domains in the bulk of the
film terminate perpendicular to the edge. This is seen at the immediate top, bottom,
and sides of the disk in Fig. 1b. Because the magnetization is perpendicular to the
pattern edge at these points, large collections of magnetic charge are created at the
boundary - these are especially evident at the disk edges to the right and to the
bottom of Fig. 1b. and along the edges of the bar in Fig. 1ta.

In order for the magnetization to be normal to the boundary, the stress-induced
anisotropy must be larger than the demagnetizing effect at the boundary, i.e.

[1.80x .| > 2¢Mm? (6

in this film, the planar stress far from the implanted region is due to lattice
mismatch between the magnetic film and the substrate. The uniaxial stress along the
implanted region boundary is the residual of the planar stress left after relief of the
stress component normal to the boundary. Hence, this uniaxial stress is caused by
the same lattice mismatch and can be written [6]

o = 282 x 10'2 Aa (dynes.cm™2) )

where Aa/a is the lattice mismatch between the SGG substrate (a=12.437A) and the
magnetic film (a=12.411A)[ 7). For these Iattice constants,

o = +59x10° (dynes.cm™2)
With x”,‘ = -5.6x107%, the stress-induced anisotropy energy is
[1.52 , @] = 6.0 x 10° {ergs.cm~3)
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Whereas, the demagnetizing energy is only

2eM2 = 1.2 x 10  (ergs.em™3d)
Thus, the stress-induced anisotropy is the dominant effect at the boundary.

Further evidence of the presence of the stress-induced anisotropy at the boundary
is the fading of the 90° walls near to the disk shown to the upper-right, upper-left,
lower-right, and lower-left of the disk in Fig. 1b. The easy axes are paraile! to the
disk in these areas and favor the spins in the center of the 90° walls. Thus, the
walls are widened near to the disk.

The walls in Fig. 1b. are dipolar in nature and have no net charge. As was reported
in our previous paper [1], charged walls can be formed by applying in-plane fields
to the sample. When a sufficiently large in-plane field (>25 Oe) is applied along a
hard magnetization direction, ¢100>, only domains having two of the four easy
magnetizaiton direct’ s are present. Charged wails then form at the disk along the
<100> directions parallel to the in-plane field (Fig. 3a). For smaller fields (<25 Oe),
closure domains form at the charged wall so as to distribute the charge over a larger
srea (see Fig. 3a, reference [1]). When the in-plane field is applied along an easy
magnetization direction, 110>, closure domains with magnetization perpendicular to
the in-plane field form so as to evenly distribute the charge on the walls (Fig. 3b).
Consequently, the charged walls in Fig. 3a become the dipolar 180° walls along the
<110> directions in Fig. 3b. That is, strongly charged walls form around a disk only
where the uniaxial anisotropy is paraliel to the disk edge.

in this (100} film, X and X”1 are of different signs, causing the stress-induced
anisotropy to change signs for boundaries along different crystslline directions. This
sign variation can be avoided by using a material with )‘100 and J\”1 of the same
sign - the third term in expression (1) then becomes smaller than the secnd. indeed,
by having xwo equal to x”1, one may eliminate altogether the variation caused by
the third term in expression (1). The result would be a uniaxial anisotropy parallel to
the boundary and having equal magnitude for any boundary orientation. However, it
may only be necessary to have xm and xmo of the same sign in order that

charged walls suitable for bubble propagation will form.

CONCLUSION

The domain structure exhibited by this (100) film provides direct experimental
evidence for the models of Hidaka and Matsutera [2]); Backerra, De Roode, and Enz
{3); and Hubert[4]), in which the stress-induced anisotropies of an
implanted/unimplanted boundary allow the formation of strongly charged walls. The
domain configurations around an impisnted disk demonstrate that the stress relief at
the boundary is the dominant effect, even more so than demagnetizing effects, and
that charged walls form only where there is a stress-induced uniaxial anisotropy with
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an easy axis parallel to the boundary. A (100) film having xm,xm and o all of the
same sign will have s stress-induced easy axis parallel to the boundary for any
boundary orientation and, hence, should be able to support charged walls suitable for
bubble propagation. Additionally, similar to Hubert's findings in (111) films, if )\mo =
A .., the effect on the charged wail of the fourfold symmetry due to the (100)

111
orientation should be largely eliminated, and charged walls would propagate

isotropically around a disk.
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ABSTRACT

A procedure for fabricating dual conductor current access magnetic bubble devices is
established. These devices, which consist of overlapping apertures in 2 pair of conducting
sheels separaled by a dielectric, have 2 micron minimum features that are defined by »
wet chemical etch process which yields verlical sidewalls. RF sputiered SiO_ is used to
isolate the two aluminum current sheets, where good step coverage of ;.hc aperture
sidewalls is obtained by sputlering with no bias appiied to the substrate. Due to argon
ion bombardment of the growing step when bias voltages are applied to the substrate, step
coverage is seen lo deteriorate: these results are verified through the use of scanning
electron microscopy. Wet chemical etching of thin (1500 - 2500 angstrom® evaporated
aluminum films is a suitable means of etching fine (2 micron) fealures using patterns
delineated by standard contact print photolithography. In the first dual conductor devices,
plasma etched apertures were covered with a plasma deposiled SiO_ dielectric.” Compared
to the processes used by Bobeck et. al.’, the methods of aperture d;lineauon and insulator
deposition performed by chemical etching and RF sputtering, respectively, are seen to be
more easily implemenied while excellent pattern definition and good step coverage are
obtained.
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CHAPTER 1
INTRODUCTION AND THEORY OF OPERATION

1.1 Magnetic Bubbles

A bubble is a small region of magnetlization in a thin magnetic platelet- with its
directios of magnelization abtiparaliel to the direclion of magnetization of the platelet.
When viewed with a polarizing microscope the cylindrical domains appear as dark (light)
circular islands in a light (dark) sea. (By adjustment of a polarizing filter the bubbles
can be made to appear dark or light.)

Fig. 1-1 depicts the formation of bubbles in a thin film of single crystal magnetic
material.! With no exlerna! magnetic field applied, the direction of magnetization in the
film is perpendicular to the plane of the film: the domains are serpeptine and occupy
equal areas of opposite magnetization.  This domain configuration is such that the
magnetic energy of the film is minimized (Fig. 1-1). When a small bias ficld is applied
perpendicular 1o the plane of the wafer, the domains whose polarities are opposite to that
of the bias field shrink (Fig. 1-1b). Increasing the bias field further causes shrinkage of
the domains into cylindrical configurations called bubbles (Fig. i-1c).

Typically, bubble films are grown by a technique called Liquid Phase Epitaxy (LPE).
In this method of film growth, a 10 - 20 mil. thick substrate of Gadolinium Gallum
Garnet (GGG) is dipped into 3 molien flux of lead oxide conlaining constituents of the
film one wishes to grow. The substrate can be rotated during film growth, enhancing
compositional and thickness uniformity. The film growth rate is a strong function of

temperature; typical films are one to thrée microns in thickness.

Physica! and mgnetit properties of the epitaxially grown films can be tailored by the
melt composition. For most bubble devices some desireable characteristics are:

1. High bubble domain mobility

2. Small bubbles for high storage densities
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3. A low number of film defects
4. Temperature stability over a wide temperatlure range

S. Perpendicular uniaxial anisolropy

The last property is a requirement for the existence of serpentine domains at zero and
low bias fields and the existence of bubbles at higher bias fields.

1.2 Field Access Devices

Bubbles may be moved about in the plane of the film by a magnelic field gradient.
Several schemes are employed to create this magnetic field gradient, or drive field. The
most familiar method employs perm.lloy (NiFe) patterns that are deposited on the film
surface. A field in the filn_: plane is used to orient the magnetization in the permalloy
patterns and the bubble is attracted to the portion of the permalloy which has the opposite
polarity. This situation is depicted ir Fig.1-2.2 By proper configuration of the permalloy
patierns and the use of a rotating in-planc ficld, bubbles may be propagaled. Devices that
employ a rotating in-plane field to produce bubble motion are known as ficld access

devices.

Another type of field access device ulilizes ion-implantation to create the propagation
structure. These types of devices are called contiguous disc or ion-implanled devices.
They are fabricated as follows (refer to Fig. 1-3): An epitaxial film with magnetic
anisotropy perpendicular to the film plane is masked in certain areas using photoresist,
gold etc. Afier ion-implantation, the stress induced in the implanted areas causes the
magnetization there to lic in the plane of the film whilst the magnetization in the masked
areas remains perpendicular to the plane of the film. Under the influence of an in-plane
field, the in-plane magnetization is oriented in the same direction as the externally applied
in-plane field. However, at the implanted/unimplanted boundary, the magnetization is
forced (o divei'ge. causing the formation of “charged walls”, one positive (converging' and
onc negative (diverging). As the in-plane field is rolated. the in-plane magnelization and
charged walls also rolate. Since the charged walls provide flux closure, bubbles will
couple to them and rotate along with the drive field. ~ As with permalloy devices,
judicious selection of the ion-implantation mask will allow the fabrication of a bubble
propagation patiern.
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1.3 Current Access Devices

In current access devices, a field gradient is provided by a conductor on top of the
bubble film. It is interesting 1o note that the first bubble devices were of this typ.e.’- 4
Current loops and meandering conductors in conjunction with etched grooves or ferrite
patterns on the film surface were used to propagate bubbles.

In 1974 Walsh and Charap suggested that a perforated conducting sheet and a rotating
current could be used to drive bubbles.® In 1979 Bobeck et. al.® proposed using two
overlapping apertures in a pair of parallel conducting sheets; a bipolar current in each
sheet provided the drive field gradient needed for bubble propagation. It is this dual
conductor current access device that this thesis describes in detail.

1.4 Dual Conductor Current Access Devices

1.4.1 The Permalloy/Conductor Analogy

Before discussing the dual conductor device, it will be helpful at this point lo compare
the aforementioned permalloy device structure and the propagation structure of the current
access devic: of this study: the aperture.

In Fig. 1-4 is shown a permalloy bar in ap in-plane field as well as an aperture in a
current carrying conductor sheet. The figure also depicts a bubble in a rest position in
cach of these structures. Note that in the aperture sheet device the magneiic field lines
are obtained simply from the right hand rule. If the current is reversed, the opposite end
of the aperture becomes attractive and the bubble is repelled from its previous position of
rest.

1.5 The Dual Conductor Device

1.5.1 Normal Propagation

We may extend the concept of the aperture ‘described in Fig. 1-4 by using two
conductor sheets, separated by an insulator, baving overlapping apertures as shown in Fig.
1-5.* The cross-batched aperture is in the first conducting sheel, nearest the epitaxial film,
while the open aperture is in the top conductor; this notation will be used throughout the
thesis to describe the aperture levels. )
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Also seen in this figure are numbered rest posilions and the currents necessary to create
these positions on the ends of the apertures. Cross-haiched currents ll and lJ flow
through the first level conductor whilst currents” l2 and l‘ flow through the_ lop
conducting sheet. By pulsing curreuts ll through l‘ ib sequence, a bubble will _propagale
from position 1 to posilion 4, the propagation direction being normal to the direction of
current flow. In essence, Fig. 1-5 depicts a one step bubble shift regisier. By
connecting pa.'u's of apertures, a longer propagation track is made. With a circuit period
X, the length of each aperture is 0.5) with 0.25) being the overlap length. In this study.
apertures of dimepsiop 0.5X x 0.3\ were used with A=8 microns. Fig. 1-6 shows the
operation of a shift register and the current sequences necessary for successful operation.®
Reversal of the current sequences will return the bubble to its original position. In Fig.
}-7 is seen the current pulse sequence used by Bobeck et. al® to drive bubbles in the
dual conductor shift register.  Pulse overlap insures smooth propagation as well as
quantizing the propagation field.

1.5.2 Paralle] Propagation

Bubbles may be propagaled paraliel to the direction of current flow as seen in Fig. 1-
8.6 The apertures are slaggered so as lo maintain a uniform current density along the
length of the propagation path. The apertures are also lengthened to prevent bubbles from
jumping to adjacent attractive poles that aren’t on the propagalion path. Attractive pole
positions are numbered according to the currents necded to create these attractive poles.

1.5.3 Stretching snd Sensing

Fig. 1-9 shows the siretcher design of Bobeck et. al® used in their dual conductor
devices. As .the bubble propagates upwards, it first strelches along the length of the
elongated apertures under the influence of the magnetic field due to the diverging current,
then contracts as the apertures are reduced in length. A permalloy sense element may be
deposited and used 10 detect bubbles as in the field access devices, but this would require
a permalloy processing level. In their paper, Bobeck el al.® give sense signals obtained
by using RF detection with the expander of Fig. 1-9 used to streich the bubble. (In RF
detection, a conductor loop senses the change in a strip’s flux when driven by an RF
field)
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Figure 1-8: Normal Propsgation in The Dual Conductor Device
From Bobeck et. al.?
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Figure 1-8: Paralle]l Propagation in the Dual Conductor Device
From Bobeck et. al.’
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1.5.4 Nucleation

Bobeck et. al. designed a bubble generator that was patterned in the bottom conductor
level.® This design. eliminaled an extra processing step and minimized bucleation cursrent.
It is depicted in Fig. 1-10.° Current is funnelled into the generator by slots #2 and #4.
Because of the high resistance formed by slots #1,#3 and #4, nucleate current I‘
concentrates at the tip of slot #2 as shown, crealing a bubble. Note that the bubble is
ob a propagation path and may be readily shuttled out of the generator afler nucieation.

1.5.5 Transfer

Bobeck et. al.® implemented bubble transfer without adding a third conductor level by
using nested apertures in comjunction with a modified peragau’ng pulse sequence. Such
transfer gate is seen in Fig. 1-11.° In the figure, the numbered locations designate the
current pulse sequences needed to attract bubbles to these positions. Also given are two
pulse sequences. The 12341234 sequence propagates bubbles in clockwise fashion around
the minor loop, while the 123412141234 sequence transfers out a bubble that is at
position 1a at the beginning of the transfer sequence.
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CHAPTER 2
THEORY OF DEVICE PROCESSING

In this section will be discussed the various processes utilized in the fabrication of the
dual conductor current access device as described by Bobeck et. al.® Some alternate
methods which can be used in the fabrication procedure will also be discussed.

2.1 Conductors

The conducting sheets may conmsist of aluminum, gold, AlCu or some other highly
conductive metal. Gold is the best choice from a reliability standpoint due to its low
clectromigration rates.” However, one important criteria for conductor selection is the
method and case of patierning. Au sputter etches readily but small features may not
chemically etch reproducibly due to excessive undercutling.® Al is not undercut as severely
by the isotropic etch process and so small features may be chemically etched in it.° Also,
the sloped edges usually obtained by chemically ctching aluminum are desireable in non-
planar processing since step coverage is enhanced.’® In their current access devices,
Bobeck et. al® used evaporated AlCu for the conducting sheets: the apertures were
patterned using RF plasma etching which yielded vertical sidewalls.

All the above conduclors may be deposited by a vanety of techmiques. All may be
sputieied or evaporated; the lowest temperature technique is preferred to avoid the buildup
of stress which may be deleterious to bubble propagation.'!’ If gold is to be used, it is
first pecessary to deposit a few bundred angstroms of an adhesion base such as Cr or
TiW.}?
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2.2 Insulators

The most commonly used insulator in device processing is probably SiOz and it may be
deposited by a number of techniques, the most common being rf sputtering or Chemical
Vapor Deposition-CVD. No matter how it is deposited the SiOz must have high dielectric
strength and be relatively free of pinholes. A necessary requirement of the insulator
between the two conducling sheets is that it must provide a conformal coating of steps to
eliminate shorting between the conductors.  Plasma deposition of SiO2 was used o
conformally coal the vertical sidewalls in the first dual conducting devices.®

A common method of relieving conductor stress is the deposition of an SiO_ prespacer
at the outset of processing.'”® This thin layer also protects the epitaxial .film from
subsequent etching and processing. Since the film is planar, it is not critical how the
prespacer is applied if one is even used at all. '

2.3 Pattern Delineation

The conducting sheet patierns can be defined by contact print photolithography, which
was done in the first dual conductor devices.® In this technique, phbotoresist is spun on the
film to be etched, exposed to UV "hight through a 1:] mask in intimate com.act with the
photoresist and developed. This leaves a photoresist mask through which etching may be
done to define a pattern in the film. After etching, the pbotoresist is removed chemically
or by reaction in an O2 pla<aa.

Conlact printing, where the mask is held against the substrale by vacuum, is used to
minimize aberration. Since the exposure light source is divergent, any gap between the
resist and the mask will allow undesireable spreading of the exposed region, causing
patiern distortion. The gap and distortion are minimized by holding the mask and
substrate in intimste contact during exposure.

Another common method of pattern delineation is projection printing. In this techmque,
ap inlermediate transparency of the patiern is projected omlo the resist- coaled substrate.
Usually, tbe intermediale transparency (mask) is larger than the final size pattern by as
much as 10X. Since the mask does not physically contact the resist coated substrate in
projection printing, patiern defects are minimized and mask life is extenaed indefinitely.

Projection printing does have its drawbacks however. To obtain the highest possibie
line resolution, lenses for projection exposure must be designed (o yield minimum
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aberrations so that their performance is diffraction limited.  This requires the use of
monochromatic light and lenses which are corrected for the particular wavelength chosen.
If very high resolution is desired, field size has to be sacrificed Lenses capable of
resolving 1 micron wide or parrower lines have depths of focus of 1] micfon or less.
This requires that the substrate be flat within 1 micron or -better and the resist coat be
vniform and less than 1 micron thick. Finally, the most serious problem in producing
fine patterns occurs because of interference effects. Reflections of the monochromatic
light at the resist/air, resist/substrate inierfaces produce light intemsity variations in the
resist, causing nonuniform exposure of the resist and subsequent pattern distortion.’*

The most common methods for etching thin films are wet chemical etching, rf sputier
eiching or reactive ion etching. During sputter etching, the sample to be etlched is
bombarded by ionized Ar atoms and the film area which is not protected with pbotoresist
is elched due to the momentum transfer of the impinging ions. Photoresist remova! is
difficult after sputter etching due to the cross linking of the resist that occurs at the
clevated temperatures reached by the sample during the etching process. Reactive ion
etching is similar to sputler etching except for the gas species used in the process. In
plasma etlching the working gas reacls chemically with the material to be etched. This
aliows for high etch selectivity depending upon the gas used and the material being etched.

Dry etching techniques such as plasma and sputler etching are preferred over wet
chemical etlching because of the good controlability of the dry processing parameters which
result in minimal dimensional variation in eichbed patterns. As mentioned previously,
Bobeck el. al.® used plasma etching to etch apertures in their AlCu films and reporied
mmimal. dimensional variations in their patterns.® In their radial RF system, aluminum was

reacted with a chlorine plasma.

2.4 The Device St-ucture

In this section will be discussed the step-by-step procedure Bobeck el. al® used to
fabricale their dual conductor devices. Diagrams [ the device structure zross-seclion are

shown for each of the processing steps.

a) Sputtered directly upon the epitaxial film is the aforementioned SiO_ stress absorbung
layer which also protects the film surface during processing. This pt;cpacer is on the
order of a few bundred angstroms in thickeess. Afterwards, the first conducting layer of
AICu is deposited by evaporation. This first layer is approximately 1500 angstroms thuck.
At this point the device appears similar {o the one so;en in Fig. 2-la.
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b) After spinning on photoresist, exposing it through the first level mask and developing
it, we have the structure seen in Fig. 2-1b.

¢) The device is now elched in a chlorine plasma. It is necessary to remove all the
AlCu in the apertures without undercutting the photoresist which would result in deformed
patterns.  After etching the apertures. the photoresist is stripped away with solvents or
oxygen plasma, resulting in the device seen in Fig. 2-lc. The first conducting sheet has
now been completed.

d) The next slep is probably the most crilical: the deposition of the insul'ﬂor belween
the two conducting sheets. The sidewalls of the apertures must be coated 1o prevent
shorting of the conductors. The diclectzic used ip the first devices was plasma deposiled
Sioz. which conformally coatled the vertical aperture walls. Fig. 2-1d shows the device
after deposition of the insulator which is about 1500 angstroms thick.

¢) Now, the sieps used to construci the first conducting sheet are merely repeated A
2500 angstrom thick AICu film is deposited, photoresist is applied and exposed through
the precisely aligned second level mask and the apertures are defined. After etching the
conductor and stnipping of the photoresist as described above, the device structure is
complete. These processes are seen in Figs. 2-le apnd 2-1f.
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Figure 2-1: Processing the Dual Conduclor Device




= - ra————r—

photoresist

Dedis, e R

ey eI G g KRnE a . st vorw: -

22

—\ [ - silicon
aluninn —> 3 Y. U AT T dioxise

S GGG
Epitaxial
“layer <d)

s

silicon
—— Gioxide

N e silicon

— :]~ . :..: \ 0-_‘. w0 3 ; X-—-——e__. dioxide

Spitaxizl //1 GGG
layer

Figure 2-1, conlinued

[ s e B ST v - A e s L fr S S A A g e, PRI AN B

EEEEEEE————————— ek

pered




J Py O S S e gy PR -

23

CHAPTER 3
EXPERIMENTAL DEVICE PROCESSING

In this section the experimental details of the fabrication of the dual conductor device
as performed at Carnegie-Mellon University will be described and presented. First, the
“calibration of the various systems will be described and finally the step-by-step fabrication
procedure of the device will be given with the results shown when possible.

3.1 Conductors

In this project the conducting sheets consist of evaporated ajuminum. Films were
deposited using a Veeco-400 resistive healing evaporator.'!® A general configuration of the
system is depicted ip Fig. 3-1. Al staples, precleaned in a mild acetlic acid solution. are
draped over the tungsten filament and the system is evacuated to roughly 2x10”7 torr.
The substrates, suspended face down over the filameni, are protected from contlamination
by a manually controlled shutter, which is opened after the staples bave melted and wet
the filament. Typical current used was 70 amperes for 30-60 sec.- yrelding films in the
1500-2500 angstrom range. The evaporated film thickness was monitored through use of
a Sloan DTM-3 thickness monitor.’® This instrument utilizes a quartz crystal oscillator and
the piezoelectric properties of quartz to monitor evaporated mass deposition upon the thin
quartz crystal wafer. The change in frequency caused by an evaporated deposil on the
quartz crystal is read directly from a frequency meter, and is directly proportional to the
deposit thickpess.

The system was calibraled by depositing several Al films over a wide range of
frequencies and by measuring the thickpess using a Sloan Dektak'®, yielding a plot of
frequency versus thickness as seen in Fig. 3-2.
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3.2 Insulators

Sputtered Si02 was used as the insulating material in this work. The S‘oO: was
deposited in a Perkin Elmer 6-J RF sputtering system using argon as the working gus.'”
The deposition rate was determined by sputtering SiO_ onlo Si wafers, etching & stripe in
the oxide across the diameter of the wafer with buffe.red HF and using s Sloan Dektak to
ascertain the film thickness. Recording the deposition time yielded the sputtering rate.
The deposition rate for bias sputiered SiO_ as found by this worker is given in Fig. 3-3
along with the important system panmelers..

A device structure was devised to ascerfain the oplimum bias sputtering voltage. It is
fabricated as follows (see Fig. 3-4): 5,000 .lngslmms of aluminum are evaporated on a
glass wafer, and apertures are etched to a depth of 1500 angstroms, as in the final
device. The reason for such a thick base layer is so that electrical contact can be made
easily. After the patlern is elched and the pholoresist is removed, SiO_ is sputtered on
the film at the desired bias voltage. Next, Al is evaporated over tbe'SiO,' to form a
capacitor like structure and the resistance between the sheets is measured to .nceru'm the
presence of shorts or electrical isolation.

Fig. 3-5 is a photograph of a glass wafer with a2 number of the devices depicted in
Fig. 3-4 on it. Each top electrode is 2000 X 2000 icrons of 3500 angstrom thick
sluminum: 8 micromanipulator probe was used to make contact to these electrodes. The
resistance betweenn the large hase electrode (at the top of the picture) and each top
clectrode was measured with » digital ohmmeter.

" Test structures were built for $i0, sputiered at O, -25, -50 and -75 volts bias and the
results are tabulated in Table 3-1, with the EleclrodeISiO? Resistance being the figure-of-
merit for the insulator. The SiOJ thickness for these samples ranged between 1,840 to
2,375 angstroms. Both probes were also placed on the bottom electrode to find out the
probe/contact resistance; this value is called Probe Resistance in the table. Also, with one
probe on the bottom elecrode the other probe was placed directly on the Si0, layer lo
make sure the probe was not punching through the diclectric when the Elec.lrode/SiO,
Resistance measurements were being made. This is seen as SiozlPtobe Resistance in Tabl;
3-1. Fig. 3-6 shows a piot of Log (Blectrodc:/SiO2 Resistance) as a function of the bias
sputlering voltage.

From the data shown it appears that the best step coverage is oblained when SiO2 is
sputtered at O bias voltage. This is also seen from the scamning electroz micrographs of
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Figure 3-8: Photograpb of bias sputtering test structure
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Table 3-1: Ascertaining the optimum bias sputiering voltage.

Bias Voltage | Electrode/Si0 Resistance | Probe Resistance | SiO /Probe*
volts (avg. of 20 reddings) Resistance |,
0 15.6 megQ} » 8.7 0 20 meg)
=25 2.84 megQd 5.8 20 meg)
=50 3290 0 4.4 Q 20 megQ)
=75 . 42.7 Q 9.2 0 14 megQd

= 14 of the 20 readings were greater than 20 meg(},
vwhich was the maximum the meter could read.

Fig. 3-7 which show SiO2 sputtered at various bias vollages op chemically etched
apertures in 1500 angstrom thick aluminum. Step coverage appears best at a bias of O
volts where the oxide has buill up along the aperture perimeter. At higher bias voltage
values, step coverage is seen to diminish.

3.3 Pattern Delineation

In Chapter 2 it was mentioned that photoresist was used to define the apertures in the
conducting sheets for etching. In this work AZ 1350] photoresist was used for pattern
delineation.'® AZ 1350J is a positive working resist which means that UV exposed regions
of the resist dissolve in the appropriate developing solution whilst the unexposed regions
remain intact, reproducing the mask pattern.

The basic procedure for the application of AZ 1350] resist and its proper use is given
as follows:"

s) The photoresist is spun on a clean dry wafer for 30 seconds at an appropriate spin
speed which is chosen from Fig. 3-8 once the desired resist thickness is known.®

b) The wafer is allowed 1o stand for 10-15 minules 1o enhance siep coverage.
¢) The wafer is prebaked in air for 30 min. at 90 degrees C.
d) The wafer is allowed to cool for 15-20 min.

e) In contact with the mask pattern desired, the wafer is exposed to UV light using the
contact printer. The exposure time required is determined by the time which gives the
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(b) Bias voltage = -12 v.

" Fig. 3-7, continued
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Bias voltage = -38 v.

Fig. 3-7, continued
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best pattern resolution when developed for 60 sec. This is found empirically by observing
the photoresist patiern and comparing it with the original mask pattern.

f) The wafer is developed for 60 sec. in a solution of AZ 351 developer and water in
the ratio of 1:3.5 and then rinsed thoroughly in water.' ’

g) To promote’ adhesion of the photoresist the wafer is postbaked for 20 min. in air at
125 deg. After cooling, the patiern may be etched in the appropriate etching solution. In
this work, evaporated aluminum films were etched in a solution of phosphoric acid, acetic
acid, water and nitric acid in the volume ratios of 80:5:10:1. The films were etched at
room temperature in a beaker with no agitalion in order to minimize undercutting.
Results will be shown in the next section.

When etchiag is complete, the photoresist may be removed by stripping in acetone and
using an ultrasonic bath. A Plasmaline plasma asher was used to remove photoresist
residues and overbaked pholoresist which are relatively inert and resistant to chemical
stripping.>' The asher is a barrel type umit and the plasma is maintained by bleeding
oxygen into the system. Typical ashing conditions to remove photoresist residues are 300
watts power for 5 min. and only 1-2 minutes if obe wishes o preserve exisung
photoresist patterns and remove residues on the same wafer.

Photoresist patterns were exposed and masking levels were aligned using a Cobilt contact
printer.>? Masks used were Electron Beam Gencraled chromium on 4" glass plates that
were designed by the author at 1.B.M. Research Center in San Jose, California. Appendix
1 describes in more detail the types of propagation elements and chips that were designed.

3.4 Fabricating The Device Structure

In this section the detsils of fabricating the enmtire device structure will be given, with
illustrative diagrams and photographs shown for clarity. The reader should refer te Fig.
3-9 as the processes are described.

8) On a clean dry wafer is evaporated 1500 angstroms of aluminum as described
previously. If a prespacer is desired, 100 - 200 aogstroms of SiO_ may be sputtered
first.

b) AZ 1350] is spun on at 8000 R.P.M. for 30 sec., yielding a coat approximately 1.3
microns thick. The wafer is allowed to stand for 10-15 minutes, after which il 1s
prebaked in air for 30 min. at 90 degrees C.
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¢) After a 20 min. cooling period, the wafer may be exposed to the first level aperture
mask. Exposure time is 11 sec., after which the wafer is developed for 60 sec. in a
3.5:1 mixture of water and AZ 351 developer at room temperature. The wafer is then
rinsed well in water, dried with nitrogen, and ashed in oxygen for 1-2 minutes. yielding
the structure of Fig. 3-9c.

d) The pattern is now etched in the sluminum etchant for roughly 3 min.  After
removal from the acid, the wafer should be rinsed immediately in water so that etching is
promptly termipated. During the etching procedure, frequent microscopic inspection is
pecessary so over- and under-etching are avoided. When etching is complete, the
photoresist is removed in an ulirasonically agitated acelone bath for 5 min. and ashed in
0z plasma for 5 min.

¢) Now, SiO2 is sputtered to isolale the two conducling sheets. A 1750 angstrom layer
is deposited using the parameters of Fig. 3-3. As mentioned earlier, no bias vollage 1s
applied.

f) To facilitat~ making electrical contacts to the botiom sheet, the top level conductor
is applied as follows. Photoresist is deposited and prebaked as in b) above. Using the
S$i0, VIA mask, the pholoresist is exposed, developed and ashed as in ¢) above, resulting
in t.l:c structure shown in Fig. 3-9f.

g) 2500 angstroms of Al are now evaporated on lop of the photoresist and the SiO .

h) The wafer is now placed in acelone and ultrasonically agitated for 5§ win., causing
the photoresist to undercut and liftoff the aluminum on top. Recall that the pbotoresist is
1.3 microns thick: vertical sidewalls allowed casy implementation of this technique, which
is known as liftoff.

i) Photoresist is again spun or at 8,000 R.P.M. and the VIA Level 2 mask is vsed to
pattern the resist, as in ¢) above. After postbaking, the aluminum is etched for 5 min.
and the photoresist is agmn removed.

J) Finslly, using negative photoresist snd the SiO2 VIA mask, the entire device is
covered with photoresist except for the SiO2 covering the arcas of level 1. This SiOz is
elched in buffered HF providing vias to the bottom level and the device is ready for
bonding.

It should be mnoted that steps a) through j) were performed, but due to the fact that
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VIA Level 1 and VIA Level 2 masks were found to be identical, ‘s complete working

device was not possible to fabricate.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Conductors

As mentioned previously, chemical etching reproduces fine lithographbic features in
alumipum with minimal pattern variations, in contrast to the deleterious effects of wet
chemical etching on thin gold films. On the other hand, sputier eiching does nol undercul
the mask material due to the normal bombardment of the etching species.

Sputter etching does bave drawbacks however. The pbotoresist mask is sputtered away
at highly variabie rates, depending upon the subsirate temperature and the residual gases in
the plasma.®’ In particular, the integrity of photoresist masks is difficult lo mainlam 1n
the sputter etching of aluminum.** Also, the removal of pholoresist masks afier sputiering
may be difficult due to the crosslinking of the resist that may occur during the etch
process.* RF sputtered Si0_ may react with aluminum to form insoluble residues which
may require damaging over-etching to insure compiete removal; this would impede or
prevent comple.tc sputter etching of the sccond level apertures.”* High temperatures, such
as thosc that might be reached during sputler eiching, may increase the chemical reaction
between the aluminum and the Si02.2°

Since aluminum is easily evaporated, readily obtainable and much more cost-efficient to

use than gold is, it is a prime candidale to consider when selecting a conductor material.

’ In addition, aluminum is presently being used as a conductor in commercial bubble device

processing where fine features in it are being chemically eiched.”” Chemical etching of

alumioum is preferable 1o sputter etching as mentioned above, and the former is more

. easily implemented.  For these reasons, aluminum was chbosen by the author as the
. conductor used in this project.

In Fig. 4-1 is seen a chemically etched aperture in 1,500 angstrom thick sluminum.
(The aperture was defined using a poorly exposed pbotoresist pattern, which accounts for
the rounded edges.) The jmportant feature to note however is the vertical walls of the
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aperture, giving evidence of an anisotropic etch process. This is not the case in relatively
thick aluminum films, where sloped edges are usually oblaiped in the wet etlch process.?’
Fig. 4-1 cmphasizes the facl that the ability of the interlevel insulating layer to cover

steps conformally is critical in the dual conductor current access device. *

4.2 Insulators

Sputtering of insulators has the advantage of being a low temperature process, which is
preferred in magnetic bubble device processing because of the possible deleterious effecs
of anncaling on device performance: a typical CVD. deposilion temperature could be
greater thay 300 deg. C as opposed to 200 deg. C which might be reached in sputtering
of SiOz." SiO, may be sputiered on a device afier & previous deposition if a multipie
target system is used: this technique bas been shown to improve the performance of
permalioy bubble detectors.’® Finally, sputtering is & more versatile process than CVD;
bias sputtering in particular can be used to influence virtually any property of a film.

The effects of substrate bias and other parameters upon the siep coverage of sputtered
SiO_ over conduclor steps bas been previously researched: the results of some more recent
‘investigations will be discussed and compared with those obtained by the author.

Duripg bias sputtering, a voltage is applied to the substrate to make it megative with
respect to the plasma. This negative substrate voltage csuses the depositing film to be
bombarded by the working gas ions, which can affect film purity, resistivity, and
structure, among other things.*

In his study, Serikaws®' found that for Sioz sputiered at O bias, step coverage was a
function of subsirate-target spacing (at constant Ar pressure) and Ar pressure (at constan!
substrate-target spacing). If the Ar pressure or subsirate-targel spacing were increased
step coverage decreased. It was concluded that at the shorter distances and lower gas
pressures, a high percentage of the sputtered material arrived st ibhe substrale having
. oblique or norma! imcidence which enhances step coverage (Fig. 4-2a). Increasing either
of these two paramelers results in a fraction of the material having horizontai incidence,
yielding negative step coverage (Fig. 4-2b). He also found that a positive voltage applied
to the substratc gave positive step coverage and that nmegative bias vollages resulled in

negative slep coverage.

Kennedy" reactively sputtered SiO, in an Ar/O, atmosphere and studied the effect of
pegalive subsirate bias voltage on siep coverage. * He reported increasing slep coverage as
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Figure 4-1:
The aluminum thickness is 1,500 angstroms.

20.000X micrograph of chemically etched aperture.
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(b) Increasing borizontal incidence yields negative step coverage

Figure 4-2: Step coverage of SiO,

From Serikawa’',
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the voltape was increased negatively, but the effect saturated aud at gh enough voltuges
negalive slep coverage was oblamed.  Tins can be explumed by referrmmg 1o big. 4-3,
which depicts a metal step being covered by a bias sputlcred nsulator.  As the gas ions
bombard the film, the sloped regions are etched at higher rates because ions strike them
obliquely, removing more material from them than regions that are struck by i1ons with
normal incidence.  Hence, the angle between the horizontal step surface and sloped
insulator 1s the angle where an obhquely mddcnl on removes the maximum amount of
material. At low voltages. the fihn 1s respullered at low angles. bemng deposited at the
sleep sidewall and base. Al equihibrium, the amoun! of deposition and etclung of the
sloped regions arc equal. rcsulling i positive step coverage. 1f the voltage 15 creased.
the sloped surface will have a ncgative depastion rate, resulling in poor slep coverage.
The two sloped surfaces will move in the direction indicated by the arrows; the step will

actually be exposed if this process is continued.

In their computer smmulation of deposion processes, Neureuther el.  al.>* modelled
unbiased KRF sputlering of 510 as an 1sotropic process which coated steps umformly.
Their dzcision 1o model 1t as su-ch was based upon Scanming Electron Micrographs of $i10_
sputler deposited on steps of aluminum.  These resulls are smmibar 1o those oblained b\
Serikawa when he sputlered the insulator using low working gas pressures and short
substrate/target spacing.  Unfortunately however. Neureuther et al.®* gave no spullering

parameters or system geomelry details i thewr report,

In order to explamn these apparently conflicting results, the mechanism by which a
sputlered alom reaches a substrale x_nusi be briefly explamed. In the sputiering process,
an atom 1s removed froin a targel by momentum transferred from an impinging 1on.  The
angular distribution of atoms sputtered from an amorphous target by normally ncident
1ons can be approximaled 1o first order by a cosine distribution.™ Omnce spultered atoms
travel a few mean free paths from the target, scattering causes them to be thermallized.
after which their energies are reduced to the average energy of the spullering gas. Once
thermailized, transport of the spultered atoms 1s controlled by diffusion through the
plasma, and the aloms no longer travel normal to the target surface.’ This results m an
mcreasing pcrcémage of the sputtered atoms having horizontal mcidence. If relatively high
working gas pressures are used i the sputlering process or if the target/substrate spacing
1s large, sputicred aloms reach the sample by diffusion, with subscquent poor slep

coverage resulung.’!

In this work the sputltering gas pressure was 1.33 Pa (10 malliterr) whist the

target/substrale spacing was 1.25 inches. It was estunated {rom data given by Wesiwood
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Figure 4-3: Siep coverage as a function of bias voltage
Increasing the substrale vollage increases ion bombardment.
High enough voltages will etch and expose step.
Adopted from Kennedy.
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thal the mummun thermalhization distance of an $H10_ molecule al a pressure of 1.33 Pa
(10 milbtorr) s approximately 1.5 mches. ™ chéc. the majority of $10_ molccules
spullered reached the sample having normal or obligue mcidence, yiclding ;;osm\'c slep
coverage. However, when a negative voltage 15 applicd to the substrale, the aperiure
sidewalls are preferentially etched. resulting in negalive step coverage. Rcefering to Table
1, this accounts for the fact that the 5iO_/Probe Resistance was relatively high indepzndent
of bias voltage while the hgure~of~n.1enl of step coverage. namely Electrode/Si10,

Resistance, decreased with ncreasing bias vollage.

It should be recogmzed thal many factors influence step coverage of spultered malterials.
The amount of bas vollage needed to obtain good slep coverage has been shown (o be a

function of:*
1. the system electrical dzsign
" 2. sputter cfhcncnci' of the Nilm material with the sputiering gas
3. capacitive mmpedance of the substrate and film
" 4. step geomelry

S. deposition rate

4.3 Pattern Declincation

It was menlioned previously that proper UV exposure umes were ascertained empiricaliy
by comparmmg the mask and photoresist patlerns. A typical result s given i Fig. <-4,
Seen are photoresist aperture patlerns on aluminum-al a magnification of 1020X. Al
patterns have beeu developed for 60 sec. in an AZ 351 deveioping solution but have becn
exposed lo the contact printer's UV source for different lengths of tume. The sample of
Fig. 4-4a was exposed for 8§ sec. Nole the underdevelopement of the apertures: the
insufficient exposure has left behind an insoluble vell of photoresist.  Fig. 4-4b was
exposed for 14 scc.: note the rounding of tlhe patlern edges yielding ovally shaped
apcriures.  Diffuse light scattering inlo the pholoresist has exposed arcas underncath the
mask, causing pattern distortion. Fmally, i Fig.  4-4c, 1s seen a pattern eaposed for 1]
sec. The aperture corners are relatively square, indicating good resolution n the pallern

defimtion.

Fig. 4-5 is a photograph of the first level chromium mask taken with reflected hght at
a magnification of 1020X. Seen is an array of small propagating loops., where bubbles

traverse the perumeter of the loops in clockwise or counterciockwise fashion. - The smaller
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() AZ 1350] photoresist patlern
Exposure lime: 8 sec.

4-4: Ascertaining the Optimum Exposure Time
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(b) AZ 1350] pbotoresist patierz
Exposure time: 14 sec.

Fig. 4-4, continued
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AZ 1350] photoresist pattern

Exposure time: 11 sec.

(c)

-4, continued

Fig. 4

IS = ————— a—




- s et .

P - - N
e~ S gt ey R ] e ges

53

apertures are 2.4 x 4.0 microns, spaced 2.0 microns apart. Fig. 4-6 shows loops of
sunilar dimensions, but these are AZ 1350] photoresist patterns on an aluminum film.
Note the relatively square cormers of the apertures, implying good reproduction of the
mask pattern. The magnification here is 1020X as in Fig. 4-6. The dark apertures imply
pbotoresist residues are present or that the photoresist is incompletely developed. These
residues were removed by ashing the sample in oxygen; this can be seen from Fig. 4-7,

which is a 1020X maguification photograph of chemically etched apertures in aluminum.

If the apertures contained photoresist residues, the etch process would not have completely
removed the aluminum from the interior of the apertures. Note that the apertures are ot
rounded and compared with Fig. 4-5 it appears that the mask pattern is reproduced fairly

well.

4.4 Conclusions

Some of the fabrication processes used in this project were markedly different than
those used by Bobeck et. al.? in the fabrication of the first dual conductor devices. For
example, in this author’s work, cbemical etching was used to define patterns in aluminum
conductors, and sputiered SiQ_ was used as an insulator. Ip their devices, Bobeck el al?
used plasma etching to define patierns in AICu films and plasma deposited SiO_ was used
as a dielectric. It is seen that different materials. deposition and etching tech;n'ques. and
systems may be used in a particular fabrication siep and yield similar results, as long as
the appropriate processing parameters are used and equipment characteristics are
understood.

Even though plasma etching allows high eich selectivily depending upon the working gas
used, chemical etching is more easily implemented, requires less capital investment and
allows accurate endpoint detection of the etch process since the substrates are not confined
to a vacuum chamber. Although probably not the concern of 2 university laboratory.
wafer throughput is higher for chemical etching compared 1o plaswua etching. This is
certainly an important consideration in 3 production environment.

Since mostly any material may be sputtered, depending upon the awvailability of target
material, sputtering is s popular method of film deposition. Most sputlering systems
contsin more than one target position so that multiple depositions may be made in one
syslem pumpdown. On the other hand, plasma deposilion may be performed only with a
limited number of chemically reactive species. Also. plasma systems are usually dedicated
to the deposition of one type of material so that film contamination is minimized. Hence,
the investment in 8 sputiering system gives ome the ability to deposit & ‘siiciy of
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1020X photograph of chromium mask
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Figure 4-8: 1020X photograph of apertures in photoresist
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1020X photograph of apertures etched in 1500 angstrom Al
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materials. allows control of film parameters and structure through the application of
substrate bias and provides greater flexibility than a plasma deposition system since sputter
etching is available as a processing option.

In this thesis is described the fundamental groundwork needed for the succe:sful
fabrication of dual conductor devices. Apertures, defined by contact print
pbototithography, were chemically etched in thin aluminum films which were isolated by
an rf sputtered SiO2 dielectric. Oxygen ashing of photoresist patterns prior to etching was
shown to be important for good pattern definition due to photoresist residue removal 1n
the oxygen plasma. In addition, several processing procedures were developed. studied.
and optimized. These include:

1. The developement of a contact print photolithographic process which allowed
reproducible defirition of current access device propagation structures in
photoresist with minimal pattern variation.

2. It was discovered that chemical etching is a suitable means of delineating fine
lithographic patterns in thin evaporated aluminum films.

3. Even though the anisolropic etch process yields vertical sidewalls in these
films, sputtered SiO  can be used to conformally coat the conductor sidewalls
under the appropriate sputtering conditions.

4. Negalively increasing the bias sputtering voltage degrades the step coverage of
SiO, due to oblique imcidence of the working gas ioms which elches materal
deposited on the sidewalls.

5. As seen in Appendix I, a device library was constructed which contained
various propagation elements, minor loop arrays and structures used lo study
the effects of adjacent aperture spacing on bubble propagation.
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APPENDIX A
DEVICE LIBRARY

The following is a library of eclements used 1o creaie propagation structures in the
devices that were fabricaled for this project. The patierns were laid out on a grid with
1/8 micron spacing on ap Inleractive Graphics System (IGS) at L.B.M. Research
Laboratory in San Jose, California. Figures were -reated, manipulated and modified using
a light pen and once defined, elements could be repeated in the X or Y direction in the
plane of the C.R.T. screen a uvser-specified integral number of times. For example, with
PE-1 displayed on the screen (Propagation Element PE-1 seen in Fig. 4-8), a command to
repeat the element 50 times in the Y direction would create a 50 step propagation pattern.

For each element, the dimensions are given in microns and the aperture nearest the
bubble supporting film is shown cross-hatched. Some of the elements appear more than
once. wmplying that varnations were made in subsequent designs such as aperture spacing.

-

orientation, elc.

Chips were laid out using the following elements to create propagation paths, bubble
stretchers and arrays of minor (storage) loops. Arrays of propagation paths were made
with a wvariety of spacings between adjacent paths (o test the inmteraction of bubbles
traversing these paths.

Fig. 4-22 through Fig. 4-25 are photographs of an electron beam generated mask
showing various features in detail. Fig. 4-22 shows a major loop containing an array of
minor loops. Actually, this major/minor loop array occupies only one fourth of the chip
area. Each chip (there 1s a 9 X 9 array of chips on each 4" mask plate) typically
contains four different types of propagation structures. Also seen in this photograph are a
pair of bubble stretchers, which expand bubbles traversing the outier major loop track.
Fig. 4-23 is a 320X detail of the dense array of minor loops.

In Fig. 4-24 is seen » major/minor loop array as well as a pair of structures devised
to test the interaction of bubbles as they traverse adjacent parallel propagation paths.
Note that in the structure seen on the upper left hand side of the figure that the adjacent
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apertures are staggered or offset by roughly 1.5 microns as opposed lo those on the lower
nght hand side of the figure. This was done lo See the effects, if any, of current density
uniformity on bubble propagation. Fig: 4-25 is a 320X detail of the lower right band

side structure of Fig. 4-24.

Fig. 4-26 is a 320X photograph of the stretcher seen in Fig. 4-19. This design was
modelled after the stretcher described by Bobeck et. al. in their report.
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Figure 4~8: Propagation Element PE-1. X = 4.375 4m, Y = 8.0 pm.
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Figure 4-9: Propagation Element PE-2. X = 155 uym, Y = 20.0 pm.
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Figure 4-10: Turn Element LT-1. X = 21.875 pm, Y = 25.125 pm.
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Figure 4-1: Turn Element LT-1A. X = 23.375 u4m, Y = 25.125 um.
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Figura 4-122 Turn Element LT-2. X = 7 ym, Y = 16 ym.
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Figure 4-13: Turn Element LT-2A. X = 8.375 sm. Y = 16 pm.
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Figure 4-14: Minor Loop TL-1. X = 24.0 ym. Y = 44.0 ym.
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Figure 4-15. Minor Loop TL-1A. X = 23.125 xm, Y = 44.0 pm.
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Figurs 4-~16. Minor Loop Turo MLT-1. X = 24 pm, Y = 15 pm.
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Figure 4-17: Minor Loop Turp MLT-1A. X *= 24 s, Y = 14 ym.
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Figurs 4-18: Transfer Port TP-1. X = 23 um. Y = 27.75 pm.
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Figure 4-20: Stretcher ST-2. X = 49.625 ym. Y = 72 um.
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Figure 4-21: Stretcher ST-3. X = 28.625 ym. Y = 56 xm.
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CURRENT-ACCESS ION-IMPLANTED BUBBLE DEVICE STRUCTURE

H. Obta® and M. H. Kryder®
Carnegie-Mellon University, Pittsburgh, PA 15213
ABSTRACT

A bybrid current-accessed ion-implanted bubble device structure bas been
demonstirated to circulate bubbles around disk shaped structures using currents in apertured
conductor sheets lo access charged walls in iop-implanted layers of garnel. Measurements
of the collapse field of bubbles indicale that with the mew structure, magnetic poles
produced by charged walls are made 1o add to the poles produced by currents flowing
around apertures in conduclor sheels, increasing the potential well of the bubble domains.
As a result of the increased potential well the pew structure sequires less drive.
Measurements show that, to circulate 1uym bubbles i & double layer
GdTmGaYIG/EuTmGaY G garnet around 6pm disks. a linear current density of about
L4mA/pym is required, whereas more than 2.6mA/ym was required in a conventional
current-access apertured-sheet device fabricated on the same chip. This difference 1
minimum drive corresponds 1o a seduction in power dissipation per unit area by about a
factor of four in the current-access ion-implanted structure.

. PACS numbers: 85.70.-w, 85.70.Ge

INTRODUCTION

Field accessed magnetic bubble devices employing permalioy
clements defined on a chip and a globally applied rotating magnetic
ficld are presenlly being manvfsctured and marketed. Field accessed
ion implanted contiguous disk devices presently appear to be the most
promising successor to the permalloy devices becsuse they offer up
to a sixieen- fold gain in bit density on a chip with no change in
minimum lithographic resolution (1). Both of these field accessed
devices bhave relatively low on-chip power dissipation, but also a
relatively low bit rate due to the fact that the coils used to produce
the magnetic fields present a high inductance load to the current
drivers.

Current accessed bubble devices using obn-chip conductor lines
to propagste bubbles present a low impedance load to current drivers
and are potentially capable of being operated at much higher drive
frequencies. However, recent past attempts to develop current
accessed devices (2) have been impeded by high on-chip power
dissipation (3). .

Here we report on a pew device structure which has potential
to offer the density of ion implanted contiguous disk devices and the
high data rate of current sccessed devices with reduced on-chip
power dissipation.  This siructure employs currents in apertured
conductor sheets 1o access charged walls in an ion implanted layer of
magpetic garnet thin films.

EXPERIMENTAL DEVICE STRUCTURE
To test and demonstrate the current ncceésed charged wall

device structure and to provide meaningful comparisons to the field
accessed contiguous disk structure and the current accessed apertured
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sheet struclure, a)l three struclures were fabricated together on a two
layer garnet (GAYTmGalG ov EuYTmGalG) recently employed for
ion implanted contiguous disk devices supporting ) ym diameter
bubbles (1). A diagram of the three structures investigated is shown
in Fig. 1. In (a), a conventiona] ficld-accessed ion implanted
device structure is shown. An extiernal drive field produces charged
walls at the positions shown apd the bubble is altracted to the
positively cbarged wall as indicated. In (b), & conventional current
sccessed apertured sheet device structure is shown. Currents diverge
sround the aperture in the conduclor sheet cresting an atiractive
potential energy well for the bubble domain at the position indicated.
In (c), the mew current-accessed charged-wall device structure is
sbown. Here an apertured conductor sheet coincides with the ion-
implanted pattern. Currenis in the apertured sheet of Fig. lc have
two effects: [1) as in Fig. la, due to the divergence of the current
around the aperture, an attractive H, field is created for the bubble
at the edge of the disk ind [2] the currents produce an in-plape
component of field in the same direction (H,) as the exiernally
applied field in Fig. 1b which accesses the charged walls in the ion
implanted layer around the aperture. To circulaie a bubble domain
around the disk, a rolating current density is applied to the
conductor sheet.  This may be accomplished by attaching four
orthogonal leads to the sheet and driving with currents J, = J sinwt
and Jy =] coswt

The three structures were fabricated on the same wafer with
pno critical mas¢ alignmenls by wusing pholoresist as an ion
implantation mask and also as s mask for electroplating of gold
metallurgy into areas coplining & Cr/Au pisting base. Figure 2
shows the procass used to fabricate the current accessed ion
implanted structure in Fig. lc. After vacuum deposition of a plating
base of 1504 Cr and 200X Au. photoresist was spun onto the
wafer, masked and developed so that photoresisi remained only in the
disks which were poi to be implanted (Fig. 2a). The entire wafer
was then ion-implanted with belium (80 keV,
3.5x1015/cm2+30keV,1.221013/cm?), The ion energy was
sufficiently high to penetrate the thin plating base, whereas the
photoresist was sufficiently thick that it aclted as sp implantation
mask. After implaniation gold was electroplated through the
pbotoresist mask cresting the 4000A° thick conductor metallurgy
with apertures over the unimplanted disks. The photoresist could then
be removed and the entire patiern sputter elched to remove the
plating base from (the apertures (Fig. 2b); bowever, for the
experiments described here, the Cr/Au plating base was left on. The
thin Cr/Au plating base provides a uniform seflecting layer for
observation of the magnetic bubbles in s reflected light microscope,
apd distorts the current flow in only s mipor wey since the thin
Cr/Au offers s much higher sgesistance peth than the thicker
electropiated Au.

EXPERIMENTAL RESULTS

To compare the three structures in Fig. 1, the potential well
of bubdbles on the three siructures was messured ss a function of
spplied field and’ current. Figure 3 shows a plot of the collapse field
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of a bubble on 6ym and 8ym diameter ion-implapted disks as a
function ‘of the in-plane ficld used 1o stabilize the bubble location.
Dats are given for the in-plane field oriented along a stable-bubble
position (easy stripe-out direclion (4)) and along an unsiable-bubble
position. As cap be seen, the bubble collapse field in a3 stable-bubble
position is a decreasing funclion of applied field indicaling that the
charged wall bas its maximum strength at zero or slightly negative
applied fields. On the other band, wheu the field is applied in the
unstable-bubble  direction, the collapse field first increases
approximately livearly with in-plane field, before reaching a
maximum snd decreasing.

The initial increase in collapse field of a bubble in an
unstable-bubble position with in-plane field is presumably due to the
fact that the unstable-bubble position corresponds with a normally
weak charged wall. By increasing the applied field tbe charged wall
can be sirengthened until further increases in the field cause the
magnetization on both sides of the will to begin aligning with the
field, reducing the strength of the wall. It is noted that to drive a
bubble completely around a disk it is pecessary tb circulate a bubble
through both stable and unstable positions. Hence, althovgh the
collapse field in the stable position decreases with increasing field,
the collapse field observed during circulation around 3 disk can be
expected to increase initially, since for low inplane field, the lowest
collapse field occurs in the unstable position.

Data on the collapse ficlds of bubbles in the current accessed
structures as a function of applied linear current density J (in
ms/ym) are shown ip Fig. 4. To perform these measurements » d.c.
bias field was first applied 1o stabilize the bubble, and a current in
the conductor sheet was used to position the bubble in the desired
location. Then (o avoid ohmic beating, the current was removed. To
measure the collapse field without significant temperature changes
both the curren! in the conductor sheet and a supplemental bias field
were then pulsed The current pulse width was about 10usec and the
supplementa) bias pulse, which was applied near the center of the
current pulse, was about Sgsec in width. By adjusting the magnitude
of the tota]l bias field, the collapse field of the bubble could be
determined without significant obmic beating of the device.
Unfortunately in using this technique it was »not possible to bold the
bubble in an unslable-bubble position. Therefore data are shown in
Fig. 4 only for the stadle-bubble position. In the conventional
current-accesed structure of Fig. 1b, the collapse field of the bubble
is seen lo increase linearly with chrrent density, as would be
expected. The collapse field of bubbles on the cursent-accessed ion-
implanted device also increase with current density, but non-linearly
and somewhat slower than in the current accessed device.

To understand why the bybrid device structure bas a slower
increase in collapse field in the siable-bubble position with cusrent
density than the conventional apertured-sheet device, it is omly
mecessary lo note in Fig. 3 that the bubble collapse field of a bubble
iz a stable-bubble location decreases with increasing in-plape field.
The linear gheet current denmsity produces a field

H(oe) = 2% J(mA/pm) )
Just below the conductor sheet. Thus, with J*2wA/pm, H*12.60e. In




Fig. 3 the collapse field for a bubble in a stable-bubble position on
an 8ym disk it reduced by about 4 Oc at H %12.6 Oc. This
corresponds wiltb the 4 Oc decrease in collapse ficld shown in Fig. 4
at j=2mA/ym. The non-lincarity in the data of Fig. 4 at J23mA/ym
is not undersiood and exhibits hysteresis. It may be due (o 8
hysteretic charged wall structure which forms as a result of the
combined inplane and perpendicular fields at the aperture edge.

It should be emphasized that, although the rate of increase of
collapse field with drive current in the hybnd structure in Fig. § is
somewhat slower than that of the couventional apertured sheet
structure, the magnitude of the collapse field and therefore the
potentia} well in the hybrid device is much higher throughout the
range of practical measurement. Ip Fig. 4 the hybrid device is seen
1o have a minimum collapse field of 391 Oe at J=0, whereas the
maximum collapse field in the apertured sheet structure is 367 Oe at
Js4mA/ym. Furtbermore, it can be expected that, for current
densities up to st least 2mA/ym, the collapse field of a bubble in
the unstable position would increase faster in the bybrid structure
than in the conventional structure, as indicated by the imitial positive
slope of dats in Fig. 3.

The bias field margins for circulation of a bubble around a
disk in the hybrid structure were found 1o be significantly better than
those for the conventional apertured sbheet structure. Figure §
compares the bias ficld margins for circulation around s 6ym disk
using the bybrid structure and the conventionsl apertured sheet
structure. The minimum drive current in the bybrid structure is less
than 1.4 mA/ym, wbereas the minimum drive current for the
apertured sheet structure is more than 2.6mA/ym. Since the power
dissipation per unit area varies as the square of the current density.
the bybrid structure requires aboul one-fourth the power of the
apertured sheet structure.

CONCLUSIONS

The data in the previous seclion show the hybrid ion-implanted
current-accessed structure to offer significantly lower power
dissipation than a copventiona] apertured sheet structure, because not
only fields from the current, bul also fields from the current-
accessed charged-wall act on the bubble domain. In the siructure
discussed bere a minimum drive currenl of 1.4mA/um was achieved
for circulating ) ym diameter bubbles around 6uxm diameter disks.
We believe this minimum drive current density may be decreased
further by use of lower coercive force bubble materials and improved
fabrication techniques. The bubble materials chosen here are standard
materials used for field accessed contiguous disk devices, and mo
attempt bas been made 1o reduce coercivity lo s minimum.
Additionaily, the deposition of Cr omto the surface of ap ion-
implanted garnet bas been shown 1o bave delrimenta) effecis on the
margins of field-accessed comtiguous disk devices (S). Hence a thin
layer of Si0; between the garmel and plating base may reduce the
drive current requirements below those obtained bere.
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Figure 1. Diagrams of three bubble device structures: (a) ion-
implanted contiguous disk (b} curreni-accessed perforated
sbeet and (c) hybrid current-accessed, ion-implanted
structures.

Figure 2. The process used to fabricate the hybrid current-
sccessed, iop-implanted structures.

Figure 3. A plot of collapse ficld as a function of in-plane field
for ion implanted devices.

Figure 4. A plot of collapse ficld as a function of linear current
density for the apertured sheet and bybrid structures.

Figure 5. Operating margins for the hybrid structure and the aper-
tured sheet structure.
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